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BLISTER FORMATION AND LAYER TRANSFER OF N-IMPLANTED 
GaAs  
by 
Rachel R. Collino 
 
Co-chairs: Michael Thouless and Rachel S. Goldman 
 
In this thesis, the blister formation and layer transfer of GaAs:N 
nanocomposite layers produced by N-implantation, wafer bonding, and rapid 
thermal annealing (RTA) of GaAs were investigated.  In addition, we examined 
the electrical and thermal transport properties of GaAs:N nanocomposite layers.  
To examine blister formation mechanisms, the influence of implantation 
temperature on blister exfoliation depths, lattice damage depth profiles, and N ion 
fluences was examined.  For implantation temperatures of -196 and 300 ºC, we 
observed an implantation-temperature-insensitivity of blister formation, in 
contrast to reports of GaAs:H and Si:H, likely due to the lower GaAs:N ion-matrix 
xxi 
 
diffusivity in comparison to that of GaAs:H or Si:H.  These results illustrate the 
key role of diffusivity on the mechanisms of blister formation.   
The influence of post-implantation RTA on the surface morphology, 
electrical properties, and Seebeck coefficient of GaAs:N nanocomposite films 
was examined for RTA temperatures between 800 and 900 ºC.  A transition in 
surface morphology from circular to predominantly elongated features was 
observed, and attributed to two distinct delamination behaviors.  The influence of 
implantation and RTA on the free carrier concentration, n, and resistivity, ρ, of 
GaAs:N(Si) and GaAs:N(Te) was examined.  For GaAs:N, ρ follows a log-log 
dependence on n, independent of the dopant species and RTA conditions.  
Following implantation plus RTA, decreased n and increased ρ were observed 
for both dopant types with a more significant increase in ρ for the Te-doped 
GaAs:N layer.  In addition, the Seebeck coefficient of the GaAs:N nanocomposite 
layer is enhanced in comparison to that of GaAs.   
Finally, the demonstration and optimization of a new process for 
simultaneous nanostructuring and layer transfer, termed “ion-cut-synthesis,” is 
described.  Indeed, the low ion-matrix diffusivity of GaAs:N enabled the formation 
of both nanocrystals and gas bubbles at high temperature.  In this technique, N 
ion implantation, spin-on glass-mediated wafer bonding, and RTA are used to 
achieve simultaneous nanostructuring and transfer of GaAs:N films to Al2O3 and 
AlN substrates.  We identify the critical role of thermal-expansion coefficient 












For many semiconductor thin film applications, materials integration with 
alternative substrates such as other semiconductors, glasses, or ceramics may 
be necessary for thermal, electrical, and/or fiscal requirements.   For example, 
the integration of thermoelectric sensors with low-thermal-conductivity substrates 
is desirable to avoid thermal losses into the support substrate.1,2  In contrast, for 
power electronics, high-thermal-conductivity substrates are of interest for 
increasing heat dissipation and reliability.3-5  In the cases of photovoltaics and 
thermoelectrics, nanostructured thin films are expected to enable record 
conversion efficiencies.6  For these and other device-driven applications, 
materials cost is often a critical factor.  Thus, the ability to integrate 
nanostructured thin films on cheaper support substrates is of interest for reducing 
capital costs. 
Thin film materials integration may be accomplished by methods including 
direct deposition (e.g., epitaxy), wafer bonding, and epitaxial lift-off.  In this 
thesis, a technique for the simultaneous synthesis and layer transfer of a 
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nanocomposite film by nitrogen implantation, wafer bonding, and annealing of 
GaAs is discussed.   
This chapter opens with a description of the unique physical properties 
predicted and observed in nanocomposite materials.  Next, we provide 
motivation for studies of N incorporation in GaAs and ion-beam synthesis of 
nanocomposites.  This is followed by a review of gas-ion-implantation-induced 
blister formation and a summary of thin film materials integration techniques.  
Finally, the chapter concludes with an outline and objectives of the dissertation. 
 
1.2 Unique Physical Properties of Nanostructured Materials 
 
The physical properties of nanocomposites may be tailored for specific 
applications by controlling the concentrations and sizes of nanocrystals.7,8  For 
example, quantum-confined heterostructures, including semiconductor quantum 
dots, have been observed to exhibit composition-9 and size-dependent10 optical 
properties.  Low-dimensional structures are also predicted to lead to an 
increased thermoelectric figure-of-merit, ZT, in comparison to bulk materials.  ZT 
is defined as:  
𝑍𝑇 = 𝑆2𝜎𝑇 𝜅               (1.1) 
where  is the electrical conductivity, S is the Seebeck coefficient, T is 
temperature, and  is the thermal conductivity.  In bulk materials, including non-
degenerate semiconductors,11 the electrical conductivity and electronic 
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contribution to the thermal conductivity (e) are linked by the Weidemann Franz 
law:  
          𝜅𝑒 𝜎𝑇 = 𝐶𝑊𝐹𝐿            (1.2)  
where CWFL is a constant (the Wiedemann-Franz-Lorenz coefficient).  Thus, for 
most bulk materials, an increase in  corresponds to a proportional increase in 
e, and thus minimal net benefit in terms of ZT.  However, for quantum-confined 
structures, it has been predicted12 and observed13 that the electrical and thermal 
conductivities may be decoupled.  For example, Dresselhaus et al.13 reported a 
simultaneous increase in S2 and decrease in  for a SiGe nanocomposite in 
comparison with an alloy of the same composition.  Indeed, increased phonon 
scattering at phase boundaries between the nanoparticles and the matrix is 
expected to lead to a decrease in thermal conductivity.14,15  Both bulk16,17 and 
thin-film18 nanostructured semiconductor alloys have been reported to exhibit ZT 
> 1, attributed in part to phonon scattering at matrix/nanoparticle interfaces.  
Furthermore, the quantum confinement in nanoparticles, leading to a delta-like 
density of states (DOS) near the chemical potential (Fermi level), is expected to 
lead to an enhancement of S.12,19   
 
1.3 N-incorporation in GaAs and Matrix Seeded Growth of 
Nanostructures 
 
GaAsN and related alloys have exhibited significant N-composition-
dependent band-gap bowing.20-24  The resulting x-dependent decrease in band-
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gap energy of GaAs1-xNx makes these alloys attractive for applications including 
long-wavelength light emitters and detectors25 as well as high-efficiency 
photovoltaics.24  However, due to the predicted miscibility gap,26,27 N 
incorporation is expected to be limited to x < ~1%, as shown in Fig. 1.1.  In 
practice, < 5% N has been observed by film growth techniques,28-30 with phase 
separation occurring at higher N compositions.31  Recently, low-temperature 
MBE was used for the growth of GaAs1-xNx films apparently across the entire 
composition range, namely amorphous GaAs1-xNx films with x ranging from 0.17 
to 0.75 and crystalline GaAs1-xNx films for x < 0.17 and x > 0.75.
32  In addition, 
ion-beam synthesis, consisting of N implantation followed by thermal annealing, 
has been used to increase N incorporation in GaAs1-xNx alloys,
33-35 up to x = 0.12.  
Similar ion-beam synthesis approaches have also been used to synthesize 
GaAsN nanocomposite materials consisting of GaN crystallites in a GaAs 
matrix,36-38,53 with nanocrystallite sizes as small as ~5 nm, as shown 
schematically in Fig. 1.2.   
To achieve zero-dimensional quantum confinement in nanostructures, 
quantum dots (QDs) with sizes less than or comparable to the exciton Bohr 
radius39 are needed.  In the case of GaN, values of the Bohr radius between 2.8 
and 11 nm have been reported.40-42  Yet, the smallest QDs obtained by Stranski-
Krastanow (SK) growth range from 10 to 20 nm in diameter.43-45 For SK growth, 
the sizes of the quantum dots are limited by the misfit strain between the film and 
substrate.46,47  Although this inherent limitation does not hold for droplet epitaxy of 
QDs,48 the smallest droplet epitaxy GaN dots reported to date have similar 
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diameters (~10 to 30 nm).49-51  In contrast, as discussed above, QDs as small as 
~5 nm are possible with ion-beam synthesis.37,52,53 Thus, ion-beam synthesis is a 
promising route to the controlled formation of GaN nanostructures with zero-
dimensional quantum confinement. 
 
1.4 Gas-ion-implantation-induced Blister Formation  
 
Following N implantation and annealing of GaAs, the formation of both 
GaN nanocrystals52,53 and nitrogen gas bubbles54 has been reported.  Weng et 
al. observed nanocrystals near the predicted depth of maximum ion-induced 
lattice damage, nitrogen gas bubbles at the predicted depth of maximum ion 
concentration, and surface blister formation.  Similar bubble and blister formation 
has been reported following light-ion-implantation, including H and/or He in Si55-58 
and GaAs.59-61   
The introduction of gas ions into semiconductors has been regarded as 
both a nuisance and a benefit, depending on the application.  For example, 
hydrogen, which is often introduced into semiconductors during film growth or 
subsequent processing steps, may interact with other impurities or defects, 
shifting their energy levels and affecting their electronic and optical properties.62  
On the other hand, voids produced by H and He in silicon have been utilized as a 
means of gettering undesirable metallic impurities63-65 as well as providing sinks 
for point defects.66  Bubble formation has also been studied as a means to 
modify the properties of insulating layers in integrated circuits.  For example, 
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noble-gas (Kr, Xe) implantation into SiO2 films has been used to generate 
cavities that decrease the dielectric constant.67,68  Recently, bubble formation has 
also been exploited as a means of transferring a thin film in the „ion-cut‟ process, 
as discussed in the next section.   
 
1.5 Semiconductor Thin Film Integration and Layer Transfer 
 
The integration of semiconductor thin films with alternative substrates can 
be accomplished by direct deposition or by wafer bonding techniques.  In the 
case of GaAs, materials cost and/or functionality may drive the need for 
heterogeneous integration.  For example, the integration of GaAs with silicon is 
of interest for GaAs-based optoelectronics coupled with silicon-based circuitry.   
However, the integration of crystalline GaAs by direct epitaxy is challenging due 
to both lattice and thermal expansion incompatibilities.  For example, epitaxial 
growth of GaAs on silicon has been achieved,69-72 but with high threading 
dislocation densities (~107 cm-2), limiting its usefulness as a basis for devices.  
One approach to improving heteroepitaxial crystalline quality is the use of a so-
called compliant substrate.73-75   In this technique, a buffer layer is used to 
accommodate some of the mismatch strain and prevent the generation and 
propagation of threading dislocations in the deposited film.   
Layer transfer techniques utilizing wet chemical etching as a means for 
material removal include crystal ion slicing (CIS) and epitaxial lift-off (ELO).  For 
CIS, He implantation into oxides such as lithium niobiate76,77 and potassium 
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tantalate78 leads to the formation of a damaged layer that preferentially etches in 
hydrofluoric acid.  Thus, using CIS, a thin layer may be transferred while 
preserving the domain structure and crystalline quality of ferroelectric films.  In 
ELO, a grown-in etch layer is used to remove an epitaxial film by selective 
chemical etching.  This film is subsequently bonded to another substrate either 
directly79 or through the use of intermediate layers.80-82  ELO has been used to 
transfer GaAs to sapphire, silicon and plastic.83  In a related process, laser lift-off 
(LLO), localized laser excitation is used to damage a weak bonding layer84 or to 
precipitate gas bubbles,85,86 thereby inducing delamination and layer transfer.  
However, both the ELO and LLO approaches are limited by film cracking, which 
tends to occur during the lift-off process.87 
In 1995, Bruel88 introduced an approach for the transfer of Si layers for 
silicon-on-insulator89-93 (SOI) structures using H-ion implantation and thermal 
annealing, termed “ion-cut,” or “Smart-cut.” In this first incarnation of ion-cut, a 
hydrogen-implanted Si wafer is bonded to another oxidized Si wafer, and 
subsequently annealed.  The resulting subsurface gas bubble formation acts as a 
“knife,” cleaving off a thin layer of crystalline Si onto the oxide film, creating the 
SOI structure, as shown in Fig. 1.3.  Thus, using ion-cut, many of the 
disadvantages of heteroepitaxial and lift-off approaches may be circumvented 
and new materials combinations are made possible.   
Following the initial SOI application, the ion-cut technique has been 
expanded to include other light ions such as He,94 D,95 as well as H/He co-
implantation.96,97 Thus, many thin-film materials combinations have been 
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realized, including the transfer of InP to glass,98 SiGe to Si,99,100 SiC to Si101 and 
glass,102 GaSb to glass103 and GaAs,104 Ge to Si,105 garnet to Si, InP, and 
GaAs,106  and  complex oxides such as SrTiO3 to glass
107 and LiNbO3 to 
silicon.108  In GaAs, blistering and exfoliation have been observed using ion 
implantation of H,108-111 D,112 and co-implantation of H and He.113  In the case of 
SOI, ion-cut has been implemented commercially,114 and has expanded into the 
transfer of strain-engineered layers,115 micro-electrical-mechanical systems 
fabrication,116 and the transfer of Si layers to glass substrates117,118 for display 
applications.  
In the demonstrations of ion-cut to date, the sole function of the implanted 
ions has been to transfer an “unstructured” film; any patterning or synthesis of 
the transferred film occurs as a separate step. In this thesis work, we 
demonstrate a new technique for the simultaneous nanostructuring and transfer 
of a layer, termed “ion-cut-synthesis.”54,119  This unique combination of ultra-small 
nanocrystal synthesis with the ability to transfer films to a variety of substrates is 
promising for new nanocomposite functionalities and materials combinations. 
 
1.6 Dissertation Objectives 
 
The first part of this thesis work focuses on the blister formation process in 
N-implanted GaAs.  The influence of substrate temperature during implantation 
(“implantation temperature”) on blister formation behavior, namely, exfoliation 
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depths, lattice damage depth profiles, and retained N ion fluences, was 
examined.  We observe implantation-temperature-independent blister formation, 
in contrast to reports of implantation-temperature-dependent blister formation in 
higher-diffusivity systems such as GaAs:H and Si:H.  These results illustrate the 
key role of diffusivity on the mechanisms of blister formation, and support a 
qualitative model for blister formation that relies on implantation-induced 
extended defect formation and ion diffusivity.   
The middle part of this thesis is devoted to investigations of the influence 
of post-implantation annealing on the surface morphology, structure, electrical, 
and thermal properties of GaAs:N films.  In addition, the influence of implantation, 
annealing, N incorporation method, and dopant species on the free carrier 
concentration, resistivity and Seebeck coefficient of GaAs:N films is examined.   
In the final part of this thesis, the demonstration and optimization of a new 
process for simultaneous nanostructuring and layer transfer, termed ion-cut-
synthesis, is described.  In this technique, N ion implantation, SOG-mediated 
wafer bonding, and rapid thermal annealing are used to achieve simultaneous 
nanostructuring and transfer of GaAs:N films to Al2O3 and AlN substrates.  We 
identify the critical role of thermal-expansion-coefficient (TEC) matching on the 







1.7 Outline of the Dissertation  
 
The dissertation is organized as follows.  Following this introductory 
chapter, Chapter 2 describes the experimental procedures used for this thesis 
work, including ion implantation, wafer bonding, scanning electron microscopy 
(SEM), atomic force microscopy (AFM), channeling-Rutherford backscattering 
spectrometry (RBS), and nuclear reaction analysis (NRA) measurements.   
 In Chapter 3, the key role of diffusivity on blister formation in GaAs:N is 
revealed.  The influence of the implantation temperature on the surface 
morphology is studied by SEM and AFM.  The implantation-temperature-
independence of surface blister formation is discussed and compared to higher-
diffusivity systems such as GaAs:H and Si:H.  We find that the exfoliation depth 
is independent of implantation temperature, in contrast to GaAs:H and Si:H.  In 
addition, RBS and NRA reveal the implantation-temperature-independence of the 
lattice disorder and retained ion depth profiles.  This behavior is likely due to the 
lower diffusivity of N in GaAs in comparison to that of H in GaAs and Si.   
Chapter 4 presents investigations of the annealing temperature on the 
surface morphology and thermal and electrical transport properties of GaAs:N 
films.  With increasing RTA temperature, a transition in the morphology of the 
GaAs:N surfaces from circular to elongated features is observed.  SEM and TEM 
studies reveal that each surface feature is associated with its own distinct 
delamination depth.  Following low-temperature RTA, delamination of the circular 
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features occurs at the observed depth of cavities, suggesting that the circular 
features are blisters induced by coalescence of N bubbles.  However, following 
high-temperature RTA, delamination of the elongated features occurs at the 
interface between the near-surface polycrystalline and nanocomposite layers.  
The elongated features exhibit a high strain, presumably due to relaxation of the 
implantation-induced stress via a creep-assisted mechanism.  
The influence of implantation and RTA on the free carrier concentration, n, 
and resistivity, ρ, of GaAs:N(Si) and GaAs:N(Te) were examined.  For GaAs, ρ 
follows a log-log dependence on n, independent of the dopant species and RTA 
conditions, consistent with literature reports.   Following implantation plus RTA, 
decreased n and increased ρ were observed for both dopant types with a more 
significant increase in ρ for the Te-doped GaAs:N layer.  Finally, for the 
implanted plus RTA GaAs:N nanocomposite layers, the measured Seebeck 
coefficient is slightly enhanced in comparison to that of GaAs.   
In Chapter 5, the successful demonstration and optimization of the ion-cut-
synthesis technique is discussed.  The nanostructuring and transfer of GaAs:N 
films to Al2O3 and AlN substrates is achieved using a spin-on glass (SOG) 
bonding agent.  The critical role of TEC matching on achieving ion-cut-synthesis 
is discussed.  First, the bonding problem is analyzed neglecting the thickness of 
the SOG layer.  Immediately following the high-temperature annealing step, 
much of the original substrate has been removed and the SOG layer thickness is 
on the order of the transferred film thickness.  In this case, the thickness and 
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TEC of the SOG have a significant impact on the morphology of the transferred 
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Fig. 1.1 Predicted pseudo-binary phase diagram for the GaAs-GaN 
system, exhibiting a miscibility gap.  In this diagram, x = 0 
corresponds to GaAs and x = 1 corresponds to GaN, with the 
single-phase region corresponding to the alloy GaAs1-xNx.   
This alloy will tend to undergo spinodal decomposition, with 
the bimodal and spinodal lines indicated by the solid and 
dashed line, respectively.  Reprinted figure with permission 
from J. Neugebauer and C. Van de Walle, Phys. Rev. B Vol. 







































Fig. 1.2 Ion beam synthesis of nitride nanostructures.  In (a), a high 
dose of nitrogen ions (5.0 x 1017 cm-2 at 100 keV) is 
implanted into an epitaxial GaAs film to produce a 
supersaturated “amorphous” layer.  In (b), after thermal 
annealing, nano-scale crystallites form within the disordered 






Donor wafer (Si) 
Donor wafer (Si) 
Receiver wafer (Si)
























Fig. 1.3 Schematic of the ion-cut process for silicon-on-insulator 
materials integration.  In (a), light ions are implanted into a 
donor Si wafer, which is subsequently bonded to a receiver Si 
wafer with an oxide intermediate layer.  In (c), thermal 
annealing leads to the splitting of the donor wafer and 
















This chapter describes the experimental procedures used for the 
synthesis, bonding, layer transfer, and characterization of the GaAs:N layers 
studied in this thesis.  All GaAs:N layers were synthesized by N-ion implantation 
into epitaxial GaAs layers.  The majority of the epitaxial samples were grown in 
the Goldman group molecular beam epitaxy (MBE) system and consist of either 
undoped, Si-doped, or Te-doped GaAs layers on semi-insulating GaAs 
substrates.  For surface-blistering studies, the N-implanted GaAs layers 
subsequently underwent rapid-thermal-annealing (RTA).  The surface 
morphology was studied via optical microscopy, scanning electron microscopy 
(SEM), and atomic-force microscopy (AFM).  In addition, ion- and damage-depth 
profiles were obtained by nuclear reaction analysis (NRA) and Rutherford 
backscattering spectrometry (RBS), respectively.  The electrical and thermal 




  For layer transfer, the N-implanted GaAs samples were bonded to a 
„receiver‟ substrate prior to annealing.  In all cases, wafer bonding was performed 
at room temperature with spin-on glass (SOG) films used as an intermediate 
bonding layer.  The structure of both the blistered layers and the transferred 
layers were studied via transmission electron microscopy (TEM).  All procedures 
were performed by the author except where noted.     
 
2.2 Ion Implantation and Rapid Thermal Annealing 
 
Ion implantation experiments were carried out at the Michigan Ion Beam 
Laboratory (MIBL) using either a Varian CF3000 200 kV ion implanter or a 
National Electrostatics Corporation 400 kV ion implanter.  In addition, some 
implantations were performed at Los Alamos National Laboratory by Dr. 
Yongqiang Wang.   The main components of an ion implantation system1 are 
shown in Fig. 2.1 and consist of the ion source, an accelerating column, a mass 
separation system, and a scanning system.  The ion source consists of the 
source material to be implanted and an ionization system.  In the case of 
nitrogen, a plasma is created with high-purity nitrogen gas which is ionized by 
electrons thermally emitted from tungsten filaments.  In the accelerating column, 
the ions are accelerated by extraction electrodes and formed into a beam.  A 
mass separation magnet creates a magnetostatic field which induces mass- and 
charge-dependent Lorentz force,2 steering only the selected ion species toward 
the target chamber.  The beam is then raster scanned using a varying electric 
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field.  Faraday cups placed at the perimeter of the target area, within the 
scanning path of the ion beam, are used to measure the fluence by creating a 
current proportional to the number of positive ions delivered. 
For all samples discussed in this thesis, implantation was performed into 
~1 µm thick GaAs films (undoped, Si-doped, or Te-doped) grown by molecular-
beam epitaxy on (001) GaAs.  These films were implanted with 100 keV nitrogen 
ions at a fluence of 5 x 1017 cm-2.  To minimize ion channeling, a ~7° ion beam 
angle of incidence with respect to the sample surface normal was utilized.  
During implantation, the substrate temperature was maintained at -196 °C or 300 
°C, as determined by a J-type thermocouple attached to the back of the sample 
holder. 
Some of the implanted samples were subsequently heated by RTA to 
induce blister formation or layer transfer.  RTA was carried out with a JetFirst 150 
halogen lamp rapid thermal processer in the Lurie Nanofabrication facility, in the 
Electrical Engineering and Computer Science department at UM.   Samples were 
heated on silicon substrates supported by quartz pins, with temperature 
controlled via feedback with a thermocouple contact to the back of the support 
wafer, shown schematically in Fig 2.2.  Samples were annealed in flowing 
nitrogen or argon gas at 800, 850, or 900°C for 30 s with measured overshoots of 





2.3  Scanning Electron Microscopy 
  
Scanning electron microscopy (SEM) was used to examine the surface 
morphology of unbonded, implanted and/or annealed surfaces.  In this imaging 
mode, a beam of electrons with energy between 5 and 30 keV are scanned 
across the sample surface.  The interaction of an impinging electron with a 
sample surface can cause several interactions, including elastically-scattered 
(backscattered) electrons, secondary electrons, Auger electrons, X-ray emission, 
phonon generation (heat), and Bremsstrahlung radiation.    
For this thesis work, all images presented are secondary-electron (SE) 
images collected in either a FEI Nova Nanolab or FEI Quanta 200 3D scanning 
electron microscope.  SE emission occurs when an incident electron ejects a 
weakly-bound electron in an atom of the specimen.  This ejected electron may 
eventually escape, with relatively low energy (typically3 < 50 eV).  Thus, this 
imaging mode is surface-sensitive, as only electrons generated near the surface 
have sufficient energy to escape.  The SE signal is characteristic of the surface 
topology,4 as shown schematically in Fig. 2.3.  Electrons emitted from surface 
peaks are more likely to escape than those from surface depressions, giving rise 
to topological contrast.  For all cases of high-vacuum SEM imaging in this thesis, 
the SE signal was collected by an Everhart-Thornley5 detector.  This detector 
consists of a scintillator material that produces light, which is collected by a 
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photomultiplier.  This detection scheme results in an amplified electron signal 
with high gain.6   
 
2.3.1  Environmental Scanning Electron Microscopy 
 
Imaging of layer-transfer samples, including SOG-coated and bare 
ceramic surfaces, was achieved through environmental scanning electron 
microscopy (ESEM) in low-vacuum mode, using a Quanta 200 3D Dual-beam 
SEM.  For insulating samples, this technique is preferable to imaging in high-
vacuum mode, which typically requires the application of a conductive layer to 
avoid surface charging effects.  In this imaging mode, surface charging effects 
are reduced by introducing water vapor into the sample chamber, as shown in 
Fig. 2.4.  The presence of water vapor increases the chamber pressure (in our 
case, to ~0.8 Torr) but also acts as a charge-compensating mechanism.  The 
incident electron beam will tend to create a negative charge build-up on an 
electrically insulating surface.  However, these electrons will also ionize the 
ambient gas.  The resulting positive charge will be attracted to the sample 
surface, canceling the effect of surface charging.7  The imaging electrons also 
undergo collision cascades with ionized water vapor, as shown in Fig. 2.4, acting 




2.3.2  X-Ray Energy Dispersive Spectroscopy 
 
The surface chemical composition of blistered samples was examined 
qualitatively by X-Ray Energy Dispersive Spectroscopy (XEDS), in a FEI Quanta 
200 3D dual-beam SEM.  During electron beam irradiation, incident electrons 
may eject inner-shell electrons from the sample.  An outer-shell electron may 
subsequently relax to the lower-energy state and emit an X-ray with energy equal 
to this difference in electronic energy levels.  Thus, the emitted X-ray is 
characteristic of the unique atomic structure of excited atom, and the number of 
X-rays emitted in a given scan time related to the concentration of that element in 
the sample.  In this case, a Si(Li) diode under reverse bias was used to detect 
the energies of emitted X-rays. 
 
2.4  Atomic Force Micrsocopy 
 
 Atomic force microscopy was used to obtain quantitative information about 
the morphology of the GaAs:N surfaces.  All experiments were performed with a 
Digital Instruments Nanoscope IIIA atomic force microscope, with the aid of Brian 
Dick and Natalie Estrada.  In this technique, images are created by scanning a 
sharp tip across the sample surface, and the z-motion (height) of the tip is 
correlated with the height profile of the sample.  For this thesis work, tapping-
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mode8 AFM was employed, as shown schematically in Fig. 2.5.  In tapping mode, 
the tip is oscillated in z so that only intermittent contact is made.  This reduces 
the effect of friction and lateral forces and mitigates tip-induced damage to the 
surface that may occur in contact mode.  A laser is directed at the back of the 
cantilever and its reflected signal is collected by a photodiode.  This signal is 
used to monitor the sample position in conjunction with a computerized feedback 
system, which controls piezoelectric actuators that drive the tip.  The cantilever is 
excited with a constant force, near its resonance frequency.  The amplitude of 
the oscillation decreases as the tip interacts with surface features.  This feedback 
is used to adjust the tip‟s position in z to keep the oscillation amplitude constant, 
thus giving height information as a function of position.  
 
2.5  Ion Beam Analysis 
 
 The role of N-implantation damage and N diffusivity on the blister 
formation process in GaAs:N were examined using ion beam analysis 
techniques.  Rutherford backscattering spectrometry was used to determine 
lattice damage depth profiles, and nuclear reaction analysis was used to 
determine the retained N dose and qualitative N depth profiles in GaAs:N films.  
All experiments were performed at the Michigan Ion Beam Laboratory (MIBL) 




2.5.1  Channeling-Rutherford Backscattering Spectrometry 
 
Channeling-Rutherford backscattering spectrometry (RBS) was utilized to 
determine the depth-dependence of lattice disorder in implanted samples before 
and after annealing.  In this technique, a collimated beam of charged particles (in 
our case, 2 MeV He++, i.e. α-particles) is directed at the sample surface. 
Backscattered particles were detected by a solid-state particle detector 
subtending a solid angle  ≈ 5 mili-steradians, as shown in Fig. 2.6.  The total 
number of detected ions, or yield, was measured by a charge integrator 
connected to a 300 µm-thick B-implanted silicon charged-particle detector 
(ULTRA series, Ortec9).  A Faraday cup was used near the sample to generate 
an electric field, preventing spurious charge counts from sputtered electrons at 
the sample surface.   
In the channeling condition, the sample is aligned so that the incident 
beam is parallel to a channel in the crystal, as shown in Fig. 2.7(a).  The particle 
is steered through a row of atoms in a crystalline lattice by undergoing only 
small-angle scattering within the channel.  Rutherford scattering occurs when the 
incident positively-charged particle undergoes large-angle scattering from 
Coulomb repulsion from atomic nuclei of the sample atoms.  Thus, some fraction 
of the particles will be dechanneled due to lattice defects, impurities, strain fields, 
and thermal vibrations.10  An example of a particle/lattice-defect interaction that 
results in dechanneling11 is shown schematically in Fig. 2.7(b) for point defects.   
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The energy of the backscattered particle is characteristic of the target 
atom that it collides with.  Assuming an elastic collision, the ratio of incoming and 
outgoing projectile energies is dependent only on the masses of the particle and 
target atom and the angle of collision.  This ratio is defined as the kinematic 
factor K: 










      (2.1)  
where M1 and M2 are the projectile and target atom masses, E1 and E0 are 
outgoing and incoming projectile energies, and  is the scattering angle.  Since 
the atomic weights of Ga and As are similar (Z = 31 and 33, respectively), the 
energy difference of α-particles backscattered by Ga versus As will be small.  
Thus, the profile represents an average damage depth profile from 
backscattering from either Ga or As.  Similarly, RBS does not provide information 
on N concentration or depth profile due to its relatively small mass; instead, 
nuclear reaction analysis is utilized for those purposes, as described below.   
 
2.5.2  Nuclear Reaction Analysis 
 
The total retained N dose and depth-dependent N concentration were 
determined with nuclear reaction analysis (NRA).  In this technique, an energetic 
beam of particles is directed at the sample surface.  If the particles have 
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sufficient energy to penetrate the Coulomb barrier of the target atom, a nuclear 
reaction may occur, resulting in an excited compound nucleus as shown 
schematically in Fig. 2.8.  Upon decaying, the compound nucleus will produce a 
product nucleus and reaction product (for example, γ-rays, protons, or α-
particles) with energy E.  The following reaction: 
𝐻                      1
2 + 𝑁7
14 →  𝑂8
16  →  𝐻𝑒2
4 +  𝐶6
12 + 𝐸                                     (2.2) 
was utilized to examine N concentration profiles.  In this case, a deuteron 
( 𝐻 or d1
2 ) collides with a nitrogen atom ( 𝑁7
14 ) to create an excited oxygen nucleus 
( 𝑂8
16 ), which then decays into carbon ( 𝐶6
12 ) and an energetic alpha particle 
( 𝐻𝑒 or 2
4 ).  This reaction may be denoted in shorthand as 14N(d,α)12C. In 
particular, the 14N(d,α1)
12C  and 14N(d,α0)
12C  reactions are convenient because 
their by-product energies are relatively free of background and isolated from 
other reaction signals, as shown in the NRA spectrum of an N-implanted GaAs 
sample in Fig. 2.9.   
The observed yield from the 14N(d,α1)
12C  or 14N(d,α0)
12C reaction signal 
can be correlated to the retained N concentration using the following 
relationship:12 
 𝑌 = 𝑁𝑠𝜎 𝜃 𝑄Ω                                                                                      (2.3) 
 where Y is the integrated counts under the α-particle peak, Q is the number of 
incident particles measured by a charge integrator,  is the solid angle of the 
detector, and () is the scattering cross section for a given detection angle .  
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This cross-section is a measure of the probability of the scattering event, and has 
been measured at at 150º by several groups,13,14,15 most recently by Pellegrino et 
al.16  Figure 2.10 presents the result from Pellegrino et al. for this particular 
nuclear reaction; their results are used for all data analysis in this thesis.  As 
shown in Fig. 2.10, (E) is relatively constant between ~1 and ~1.4 MeV, making 
this reaction attractive for depth profiling, as the reaction spectrum will be directly 
proportional to the target atom concentration, within the energy interval of 
detection.17   
The experimental setup for NRA of GaAs:N films is shown in Fig. 2.11.  In 
our case, a collimated beam of 1.2 MeV deuterons was directed at the sample 
surface, and the α-particle products measured by a particle detector using the 
same charge integration scheme described in the previous Section 2.5.1.  The 
geometry of the setup may be described by two angles: the incidence angle α 
between the sample normal and beam line, and the scattering angle  between 
the beam and detector.  The differences in experimental setup for retained N 
dose determination versus N depth profiling are as follows.  To determine the 
total retained dose, the angle α was set near the channeling condition to 
maximize the penetration depth, and a ~20 µm thick Mylar foil was placed in front 
of the detector to filter out low-energy signals.  This scheme reduces signal pile-
up, which occurs when two separate low-energy signals are collected in a short 
time interval and counted as one signal.  This spurious signal has an apparent 
energy equal to the sum of two low-energy signals.  However, the presence of a 
37 
 
foil in front of the detector will also lead to energy losses in the incident particles 
(“energy straggling”), which is a concern for depth profiling, as described below.     
For depth profiling, the sample was tilted to α ≈ 50° to increase the path 
length of outgoing particles.  This angle was observed to give the largest energy 
interval for a given reaction signal, thus maximizing the depth resolution.  In this 
case, no foil is placed in front of the detector in order to reduce energy straggling.  
In all cases, the scattering angle was set to  = 150º as described above.  To 
minimize geometrical straggling, a 2 mm aperture was placed in front of the 
detector and the sample-detector distance set at 8.5 cm.   
 
2.6  Wafer Bonding  
 
GaAs(:N) samples were bonded to various semiconductor, ceramic, and 
glass substrates either as a first step in the layer transfer process, or to measure 
the adhesion properties of the bonding layer using a “blade test,” as described in 
Section 5.3.  In all cases, a spin-on glass (SOG) was used as an intermediate 
layer.  These materials consist of SiO2, polymer(s), and/or dopants suspended in 
solvent.  The solution is deposited and spin-coated to achieve a planar layer with 
a well-defined thickness, and subsequently cured to drive off the solvent.  
Typically, SOGs are deposited as dielectric or passivating layers in devices, 
including metal-oxide-semiconductor18 (MOS) or double heterojunction bipolar 
transistor19 (DHBT) structures.   
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More recently, SOGs have also been utilized as a bonding agent for 
materials integration.  Examples of SOG-bonded structures include GaInAs-
based vertical-cavity surface-emitting lasers on silicon substrates20 and layer 
transfer of GaAs to Si by ion-cut.21,22  However, unlike these examples for which 
processing temperatures are relatively low (< 400 °C), ion-cut-synthesis requires 
RTA at > 750 °C.  The relatively high temperature requirement creates 
challenges for the integration of dissimilar materials due to thermal-expansion 
mismatch stresses.  For this reason, several SOG chemistries, as shown in Fig. 
2.12, were explored for high-temperature-stable bonding, including two siloxane-
based SOGs supplied by Filmtronics:23 methylsiloxane (Filmtronics 500F), and 
methylsilsesquioxane (Filmtronics FG65), as well as a methyltrimethoxysilane - 
1,2-bis(triethoxysilyl)ethane (MTMS-BTSE) co-polymer-based SOG provided by 
Hyun-Wook Ro and Chris Soles at NIST.   
Fig. 2.13 shows the typical process steps in a bonding experiment.  In all 
cases the first step was a solvent clean of the wafer surfaces, followed by 
deposition of ~1 mL of SOG by a dropper to the surface of one wafer.  Next, spin-
coating was performed in a Laurell24 WS-400-6NPP-LITE spin processor.  The 
two wafers were subsequently joined at room temperature to create the initial 
bond, followed by thermal annealing.  In most cases, bonding pressure was 
applied using tweezers for several seconds.  If the resulting bonded structure 
was annealed to induce both nanostructure formation and splitting, then the final 
step was instead RTA (using the procedure described in Section 2.2).  The 
39 
 
details of the processing parameters for all experiments are included in Appendix 
B. 
 
2.7 Transmission Electron Microscopy 
 
 To determine the structure of blistered and transferred layers, 
transmission electron microscopy (TEM) was carried out in a JEOL 3011 
transmission electron microscope operating at 300 kV. All TEM imaging was 
performed by the author with the assistance of Adam Wood.  In all cases, images 
were collected with a CCD camera controlled with Gatan Digital Micrograph 
image capture software.  In some cases, a two-beam condition was used to 
image the sample, as shown schematically in Fig. 2.14.  In this condition, an 
objective aperture is used to select only the transmitted (000) beam for bright-
field imaging, or diffracted beam(s) for dark-field imaging.25  Cross-sectional TEM 
(XTEM) samples were prepared either by conventional mechanical polishing 
techniques (for blistered layers), or by a FIB lift-out technique (for transferred 
layers); the latter is described in Appendix C.  In all cases, due to the relatively 
high damage incurred by FIB, the {111} diffracted signal is used for dark-field 
TEM imaging of transferred layers.   
 For the blistered samples prepared by mechanical polishing, ~2x3 mm 
GaAs:N pieces were cleaved and bonded face-to-face with either GaAs or Si 
using a silver epoxy (Epoxy Technology H22).  The bonded samples were placed 
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on a hotplate and cured at ~120 °C for 20 minutes.  The bonded pair was then 
mechanically polished using a tripod polisher to create a “wedge-shaped” sample 
with the thinner part of the wedge (~10 µm thick) further ion-milled for TEM 
imaging.  To minimize polishing-induced damage, a sequence of decreasing 
particle sizes were used, starting with SiC-particle paper (in a sequence of 600, 
800, 1000, and 1200 grit papers, corresponding to 16, 12, 10, and 8 µm particle 
sizes)  followed by diamond polishing papers (1500 and 60,000 grit, or 3.0 and  
0.5 µm particle sizes).  One side was polished, then glued to a molybdenum TEM 
slot grid with silver epoxy, and the remaining side was polished at a ~5° angle 
with the same polishing grit sequence.  Final polishing was performed by Ar ion 
milling at 77 K, with a Gatan PIPS-691 at low angles (2-4º) and currents (<10 
µA), until perforation at the interface.   
 
2.8  Nanoindentation 
 
 Nanoindentation was used to probe the mechanical properties of as-
implanted and implanted-plus-annealed GaAs:N layers.  All experiments were 
performed with a Nanoinstruments Nanoindenter, using a Berkovitch diamond 
indenter tip.26   Experiments were performed in constant-displacement mode, 
with maximum tip displacements of 20 nm.  This indentation depth, which is less 
than 10% of the implanted film thickness, was chosen in order to ensure the 
characterization of the film properties without influence of the substrate 
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properties.27    Due to the limits in spatial resolution and lateral positioning of the 
sample stage, it was not possible to collect indentation data corresponding to 
individual surface blisters. 
 
2.9  Characterization of Electrical and Thermal Properties 
 
Hall, resitivity, and Seebeck measurements were performed to investigate 
the electrical and thermal transport properties of as-grown, as-implanted, and 
implanted-plus-annealed films.   
 
2.9.1 Hall and Resistivity Measurements 
 
 The electrical transport properties of GaAs:N films were determined by 
Hall and resistivity measurements.  The sample geometry (Van der Pauw 
configuration) is shown schematically in Fig. 2.15; typically, a symmetric sample 
~5 mm square was used, with ~0.5 mm diameter contacts.  The contacts were 
fabricated by depositing In at the edges of the square sample, followed by RTA 
at ~400 ºC for 2 min.  Au wires 25 µm in diameter were bonded to the In contacts 
and connected to a component carrier.  I-V measurements were performed with 
a Hewlett Packard 4156B semiconductor parameter analyzer in order to 
determine the Ohmic nature of each contact.  Typical contact resistances 
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measured were O(10 Ω) for as-grown samples, O(10 MΩ) for N-implanted 
samples, and O(1 kΩ) for N-implanted-plus-annealed samples.   For Hall and 
resistivity measurements, a Keithley 224 current source was used to send a DC 
current ranging from 10 nA to 1 mA between two contacts.  In the absence of an 
applied magnetic field, the voltage difference is measured parallel to the direction 
of current flow.  Next, Hall measurements were performed with an electrical 
current flowing in the presence of a magnetic field of ~0.1 Tesla.  In this case, 
carriers are subjected to the Lorentz force and will drift in a direction 
perpendicular to both the direction of the current flow and the magnetic field, 
resulting in a potential difference in this third direction, termed the “Hall voltage.”  
From these measurements, the resistivity and free carrier concentration were 
determined using the procedures in ASTM standard F76.28  The resistivity values 
reported in this thesis represent an average over the full thickness of the n-doped 
MBE-grown layers (1 µm) and are corrected for depletion widths at the free 
surface and at the interface between the MBE-grown film and the semi-insulating 
substrate, following the procedures in Ref. 29. 
 
2.9.2 Seebeck Measurements 
 
The thermopower or Seebeck coefficient, S, of GaAs:N films was 
measured using a micro-thermocouple station in the Pipe Lab in Mechanical 
Engineering.  This setup is shown schematically in Fig. 2.16.  The Seebeck 
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coefficient is a measure of the voltage difference which develops in response to 
an applied temperature gradient.  Thermal drift causes charge carriers to migrate 
from the hot to the cold side, and this charge separation, in turn, results in an 
electric field.  The current density J (for electrons as the dominant charge carrier) 
due to both a thermal gradient, dT/dx, and a potential gradient, dФ/dx, may be 
described as:30 
𝐽 = 𝐿11  −
𝑑Φ
𝑑𝑥
 + 𝐿12  −
𝑑𝑇
𝑑𝑥
       (2.4) 
where L11 is the electrical conductivity: 






𝐷 𝐸 𝑑𝐸      (2.5) 
and L12 is a coupling coefficient between the temperature gradient and electrical 
current given by: 
          𝐿12 = −
𝑒
3𝑇
 𝑣2𝜏 𝐸 − 𝐸𝑓 
𝜕𝑓0
𝜕𝐸
𝐷 𝐸 𝑑𝐸     (2.6) 
where e is the elementary charge, is the carrier drift velocity,  is the carrier 
relaxation time, f0 is the equilibrium distribution of carriers, D(E) is the density of 
states, and E(f) is the (Fermi) energy.  At equilibrium, open-circuit conditions, 










 = −𝑆  
𝑑𝑇
𝑑𝑥
                                                                (2.7) 
and thus the Seebeck coefficient is defined as the ratio of L12 to L11.  All of the 
material in this study is doped n-type (Si-doped or Te-doped).  Since the majority 
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charge carriers are electrons for the material studied in this thesis, the sign of the 
resultant electric field will be opposite to that of the temperature gradient, 
resulting in a negative Seebeck coefficient.   
 
 2.10 Wafer Curvature Measurements and Estimation of Implantation-
induced Stress 
 
To determine the implantation-induced stresses in N-implanted GaAs, 
wafer curvature measurements were performed with a Dektak3 profilometer in 
the Michigan Ion Beam Lab in the Nuclear Engineering and Radiological 
Sciences Department at UM.  For these measurements, a diamond-tipped stylus 
was moved across the sample surface, and the height y measured as a function 
of lateral distance x.  To determine the radius of curvature, this profile is fit to a 
fifth-order polynomial according to the method of least-squares.31 The differential 
is then used to determine the radius of curvature R: 
 𝑅 𝑥 =  
(1+𝑦 ′ 2)3/2
𝑦′′
        (2.8)   
where „ denotes differentiation with respect to x.  In all cases, the curvature was 
estimated before and after implantation in order to determine the stress in the as-
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Fig. 2.1 Schematic of an ion implanter, adapted from Ref. 1.  The 
system consists of an ion source, and accelerating column 
containing extraction electrodes.  A magnetic mass 
separation system is used to separate the ion to be implanted 
from other charged particles and contaminants.  Finally, 
electrostatic lenses are used to focus and direct the beam 































Fig. 2.2 Diagram of the rapid thermal annealing setup.  The sample 
sits on a silicon wafer with a thermocouple contact on the 
underside.  The chamber is purged with flowing nitrogen or 
argon gas and the sample is heated by a halogen lamp 


































Fig. 2.3 Schematic of electron emission near a sample surface 
feature, illustrating the origin of image contrast due to surface 
topography.  The incident (scanning) electron paths are 
represented by solid lines and the emitted electrons by 
dashed lines.  Electrons that are emitted in depressions in the 
sample surface may be blocked by higher surface features, 







































Fig. 2.4 Schematic of electron-beam imaging of an electrically 
insulating sample in low-vacuum SEM.  The imaging 
electrons collide with gaseous atoms (e.g., water vapor) 
introduced into the chamber, to generate additional electrons 
through ionization cascades.  The electrons resulting from 
these cascades are collected by the positively biased 
detector.  The corresponding positive ions drift to the sample, 
counteracting the negative charge build-up on the insulating 









































Fig. 2.5 Components of an atomic-force microscope operating in 



































Fig. 2.6 Geometry of a backscattering experiment, illustrating the 
collection of backscattered particles in a solid angle .  






































Fig. 2.7 Channeling in (a) a perfect crystal, for which the incident ion 
undergoes only small-angle scattering within the channel.  
Dechanneling may occur when the incident ion interacts with 








































Fig. 2.8 Example of a nuclear reaction, illustrating the formation of a 
compound nucleus, which decays into a product nucleus and 
reaction product.  The particles corresponding to the 





























































Fig. 2.9 NRA spectrum from N-implanted GaAs.  The energies of the 





























Fig. 2.10  14N(d,α1)
12C reaction cross-section as a function of energy.  
The relatively constant cross-section of the reaction between 
~1.0 and ~1.3 MeV makes it convenient for depth-profiling 
measurements.  Reprinted from Nuclear Instruments and 
Methods in Physics Research B, Vol. 219-220, S. Pellegrino, 






12C,” pp. 140-144, Copyright 2004, with permission 


















Fig.2.11 Experimental setup for NRA.  For retained dose 
measurements, a foil is placed in front of the detector and the 
sample tilted to a low incidence angle (channeling condition) 
to maximize penetration depth.  For depth profiling, the 
sample is tilted to a non-channeling condition and no foil is 








































































































MTMS-BTSE copolymer (methyltrichlorisilane or 
methyltrimethoxysilane) and (1,2-bis(triethoxysilyl)ethane) 

































































Fig. 2.14  Schematic of the two-beam imaging condition in TEM.  An 
incident electron beam may be transmitted or diffracted at the 
Bragg condition.  An objective aperture is used to select 
either the transmitted beam for bright-field imaging or a 




































Fig. 2.15  Van der Pauw sample geometry used for resistivity and Hall 
measurements.  Typically, l = 5 mm and t = 600 µm. ~0.5 mm 






























Fig. 2.16 Schematic of micro-thermocouple setup used to measure the 
Seebeck coefficient of GaAs:N samples. The sample is 
placed between a heat source (thermistor) and a heat sink; 
the temperature gradient at the sample surface (T1-T2) is 
measured by micro-thermocouple contacts.  The resulting 
voltage difference due to the Seebeck effect is measured at 
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This chapter describes our investigations of the influence of substrate 
temperature during implantation (“implantation temperature”) on blister formation 
in GaAs:N layers produced by N ion implantation followed by rapid thermal 
annealing.  In this chapter, the implantation temperature-insensitivity of blister 
formation behavior in GaAs:N is discussed and compared with contrasting 
behavior in light ion systems such as GaAs:H and Si:H.  The apparent 
implantation temperature-insensitivity of blister formation in GaAs:N is likely due 
to the lower diffusivity of N in GaAs in comparison to that of H in GaAs and Si.   
 This chapter begins with background information on studies of blister 
formation, both as a detrimental side effect of irradiation processes as well as a 
useful tool for materials modification.  Next, the experiments and simulations 
used to characterize blister formation behavior are described.  The majority of 
this chapter focuses on the effect of implantation temperature on surface 
morphology, retained ion concentrations, and lattice damage in GaAs:N.  The 
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chapter ends with a discussion of the role of ion-matrix diffusivity on blister 
formation in semiconductor materials.   
 
3.2 Background  
 
Localized surface deformation caused by the internal gas pressure of 
subsurface flaws or by residual stresses within near-surface layers is often 
termed “surface blistering,” and has been observed following processes which 
involve ion-solid interactions.1,2  These processes range from H+ and D+ 
irradiation-induced erosion of reactors to layer transfer by ion-cut following H+ 
implantation into semiconductors.3  In the case of ion-beam-assisted deposition 
(IBAD)4 and depth profiling by secondary ion mass spectroscopy (SIMS),5 
surface blistering leads to defective IBAD films and compromises the SIMS depth 
resolution.  Blister formation has also been studied as a by-product of radiation 
bombardment of spacecraft.  For example, H irradiation-induced blistering 
increases the solar absorptance of Au films on Al substrates for thermal barrier 
coatings.6   
On the other hand, ion-implantation-induced bubble and blister formation 
has been utilized to extract information about the mechanical properties of a 
system, or to modify material properties.  For example, energy release rates 
deduced from blister geometry and gas pressure have been used to quantify the 
adhesion of metallic and ceramic coatings on metal substrates.7  Noble-gas ion 
implantation has been used to introduce gas-bubble-induced pores in SiO2 films, 
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thereby decreasing the dielectric constant.8  He-implantation-induced cavities in 
Si have also been observed to getter metallic impurities.9,10  Implantation-induced 
gas bubbles have been revealed by transmission electron micrographs (TEM) of 
voids11 and by gas emission (revealed, for example, by thermal desorption 
spectroscopy) associated with bursting of surface blisters.12,13   
In semiconductors, studies of implantation-induced blistering have focused 
on light ions (H or He) in Si and GaAs.  Surface blistering of GaAs has been 
observed following ion implantation of H (Refs. 14-16) D (Ref. 17), and co-
implantation of H and He (Ref. 18).  In H-ion-implanted GaAs, blister formation 
has been reported within an implantation temperature window ranging from ~120 
to ~300 °C.19,20  Interestingly, in GaAs:H, the extent and depth-dependence of 
ion-implantation-induced lattice disorder increases with implantation 
temperature19,20 up to ~300 °C.  Above ~300 °C, the accumulation of gas 
required for bubble formation is presumably prevented by H out-diffusion.19  For 
several semiconductors implanted with light ions, including Si:H, GaAs:H, and 
InP:H, bubble and blister formation are also dependent on the implantation 
temperature, and occur only within a temperature window that is specific to the 
particular ion-matrix system.21,22   For the systems studied to date, it has been 
suggested that the lower-temperature bound is determined by lattice damage, 
while the upper-temperature bound is limited by the ion-matrix diffusivity.21   
In this chapter, the key role of diffusion on the implantation temperature-
dependence of blister formation is demonstrated.  The focus is on GaAs:N, which 
exhibits low diffusivity for both highly-damaged23 and crystalline24 systems.  
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Thus, in comparing and contrasting the blister formation behavior of GaAs:N with 
lighter-ion systems, we have not only characterized the behavior of a “novel” 
system in terms of ion-matrix combination, but also illuminated the role of ion-
matrix diffusivity on the origins of blister formation. 
 
3.3 Experiments and Simulations 
 
For this study, undoped or Si-doped GaAs films were implanted with 100 
keV nitrogen ions at a fluence of 5 x 1017 cm-2, as described in Section 2.2.  
During implantation, the substrate temperature was maintained at -196 °C or 300 
°C, as determined by a J-type thermocouple attached to the back of the sample 
holder.  The corresponding samples are referred to as “low-T-implanted” and 
“high-T-implanted,” respectively.  Some of these samples were subsequently 
rapid thermal annealed (RTA) in nitrogen or argon gas for 30 sec at 800 °C.  
Tapping-mode atomic force microscopy (AFM) was performed in a Digital 
Instruments NanoScope IIIA, using etched Si tips, as described in Section 2.4.  
To enable collection of both scanning electron (SEM) and atomic force (AFM) 
micrographs of the same areas, surface markers were fabricated using focused-
ion-beam (FIB) milling of trenches.   
The retained N dose and the depth-dependence of the N concentration, 
[N], were determined with nuclear reaction analysis (NRA) using the 14N(d,α1)
12C 
reaction, as described in Section 2.5.2.  A 300 µm thick particle detector was 
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placed at 150º where the cross-section is known.25  Details of the dose 
calculation are provided in Appendix A.1.  
To compare the lattice damage induced by low- and high-temperature 
implantations, the depth-dependence of lattice disorder was determined by 
channeling-Rutherford backscattering spectrometry (RBS) with a 2 MeV He++ 
beam.  The uncertainty of the energy resolution at the detector was estimated at 
~20 keV.  The size of the beam on the sample was ~1 mm in diameter. 
SIMNRA26 software was used to simulate backscattered spectra for channel-to-
energy conversions to compare data from different irradiation sessions.  This 
software was also used to determine energy-to-depth conversions according to 
calculated energy losses of He++ in the GaAs matrix, as described in Appendix 
A.2.    
 
3.4 Surface Morphology and Retained N Fluence 
 
To examine the origins of blister formation, scanning electron micrographs 
(SEM) of the surfaces of (a) as-grown, (b) as-grown-plus-annealed, (c) high-T-
implanted, and (d) high-T-implanted-plus-annealed GaAs layers were 
compared.27  As shown in Figs. 3.1(a) and 3.1(c), the surfaces of the as-grown 
and as-implanted layers appear featureless.  Interestingly, surface features are 
apparent on the annealed GaAs surface, as shown in Fig. 3.1(b).   
The stoichiometries of GaAs surfaces before and after implantation and/or 
annealing were compared by energy dispersive X-ray spectroscopy, as shown in 
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Fig. 3.2.  The as-grown and as-implanted spectra (shown in Fig. 3.2(a) and 
3.2(c), respectively) reveal features associated with L1 (K) x-ray emission from 
Ga and As (O and C).  However, the As features are essentially absent from the 
as-annealed and implanted-plus-annealed spectra (shown in Fig. 3.2(b) and 
3.2(d), respectively).  Thus, the surface roughness observed in the as-annealed 
surface is likely due to near-surface As loss28 during RTA.  However, surface 
blisters and craters (popped blisters) are observed in the implanted-plus-
annealed case as revealed by the SEM image in Fig. 3.1(d).   
The normalized NRA yields versus ion energy for low-T-implanted and 
high-T-implanted layers are shown in Fig. 3.3.  The similar ion-energy-
dependence of the yields suggests similar N depth profiles in both cases.  The 
estimated retained fluences of low-T-implanted and high-T-implanted layers are 
(4.9±0.3) and (4.8±0.3) x 1017 cm-2, respectively.  The retained fluences were 
estimated from the integrated counts under the alpha-particle peaks, as 
described in Appendix A.1.  The similarity of the estimated retained fluences to 
that of the target fluence (5.0x1017 cm-2) indicates near-complete N retention in 
GaAs:N, even for the 300 °C-implanted sample.  This is in contrast to GaAs:H, 
for which the retained H fluence in a 300 °C implant was 32% lower than that for 
a -90 °C implant,19 presumably due to H out-diffusion.    
Postannealing surface morphology and local variations in crater depths 
were examined using SEM images of low-T-implanted-plus-annealed and high-T-
implanted-plus-annealed layers, as shown in Figs. 3.4(a) and 3.4(c).  AFM 
images of the corresponding areas are shown in Figs. 3.4(b) and 3.4(d).  In both 
70 
 
cases, SEM images reveal blistered surfaces with similar feature sizes and 
densities.  Examples of ~2 µm diameter blisters and craters are highlighted in 
Figs. 3.4(a) and 3.4(c) by solid and dashed circles, respectively.  Line-cuts from 
the AFM images in Figs. 3.4(b) and 3.4(d) reveal ~200 nm crater depths for both 
the low- and high-T-implanted-plus-annealed layers.  These crater depths agree 
with the depth of maximum N concentration predicted by SRIM simulations,29 as 
shown in Fig. 3.5, suggesting that bubbles form near the projected ion range.   
The origin of the blisters and craters are further illustrated by cross-
sectional SEM as shown in Fig. 3.6.  In this case, a trench was fabricated using a 
Ga+ FIB and the resulting cross section imaged in SEM, as shown in Fig. 3.6(a).  
The composite SEM image presented in Fig. 3.6(b) shows that the depth of 
subsurface voids associated with intact blisters essentially coincides with the 
depth of exfoliated craters.  This suggests that both blisters and craters occur 
due to gas bubble formation ~200 nm beneath the surface, again confirming 
bubble formation near the projected ion range.  The similarity of the predicted 
depth of maximum N concentration to that of the crater formation observed by 
SEM and AFM, as well as the nearly complete retention of implanted N revealed 
by NRA, suggest insignificant diffusion of N during the annealing step.   
 
3.5 Lattice Damage Profiles 
 
To compare the implantation-temperature-dependence of the damage 
depth distributions in N-implanted and/or annealed GaAs, (001) channeling-RBS 
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measurements were performed.  Figure 3.7 presents the normalized yield versus 
energy and depth for low-T and high-T (a) implanted and (b) implanted-plus-
annealed GaAs layers.  For comparison, random and (001) channeling yields 
from as-grown GaAs are included on the plots.  The ratio of the channeling-RBS 
yield to the random yield (χ) is a measure of the fraction of ions which were de-
channeled, presumably due to lattice disorder.  In this case, the minimum 
channeling ratio (χmin) for the as-grown layers was found to be ~4%, similar to 
previous measurements30-32 of MBE-grown GaAs.  This χmin is also similar to the 
predicted33,34 χmin for defect-free GaAs (~3%), indicating high crystalline quality 
and good alignment of the incident beam with (001) planes.   
For both the low-T and high-T-implanted layers, similar depth-
dependencies of the normalized yield are apparent in Fig. 3.7(a), suggesting 
similar damage depth profiles for both cases.  The low-T-implanted sample 
exhibits a slightly wider depth profile (at ~300 nm) compared to that of the high-T-
implanted sample.  Although the minor differences between the spectra are at 
the level of the detector energy resolution (±20 keV), similar shifts in damage 
recovery with increasing implantation temperature have been reported in 
GaAs:N.35  It is possible that this slightly narrower damage depth profile for the  
high-T- versus the low-T-implanted sample is due to a greater extent of 
thermally-activated point-defect recombination in the high-T-implanted sample. 
For example, TEM images of platelets (extended lattice defects) formed in H-
implanted Si show reduced image contrast in the vicinity of platelets with 
increasing annealing temperature.36  The reduced image contrast is attributed to 
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a temperature-dependent reduction in lattice strain with temperature, presumably 
due to the thermally-activated recombination of implantation-induced Frenkel 
(vacancy-interstitial) defects.   
However, this similarity of the backscattered yield in low-T- and high-T-
implanted GaAs:N is in contrast to the temperature-dependent behavior 
observed in GaAs:H.  In GaAs:H it was observed that both the magnitude and 
depth distribution of the normalized yield varied for -90 to 320 °C implantation 
temperatures.19,20  In our case, little redistribution of lattice damage is apparent 
for -196 ºC and 300 ºC implantations.   
 The energy-dependence of the normalized RBS yield for implanted layers 
following annealing is presented in Fig. 3.7(b).  The annealed layers (without 
implanted N) exhibit a near-surface maximum at ~1580 keV, most likely due to 
As loss from the top ~50 nm of the layer.  In addition, the implanted-plus-
annealed layers exhibit a local maximum in the normalized RBS yield at ~1480 
keV, which corresponds to a depth of ~200 nm beneath the surface.  The value 
of this local maximum in yield is similar to that of the random GaAs case, and its 
depth corresponds to that of the observed bubble formation, as well as to the 
crater depth formation and predicted depth of maximum [N] shown in Figs. 3.4 
and 3.5.  Thus, it is likely that this local maximum in yield is due to dechanneling 
of He++ at the Ga or As atoms displaced by N bubble-induced internal surfaces 





3.6 Diffusivity-driven Blister Formation 
 
The implantation-temperature-insensitivity of crater depths, average 
damage depth profiles, and ion depth profiles for GaAs:N can be explained in the 
context of diffusivity-driven blister formation.  In GaAs, implantation-temperature-
dependent blistering has been observed for implantation of H19,20 and/or He38 
ions, both of which exhibit substantially higher diffusivities (D) than that of N in 
GaAs at the implantation temperature ranges associated with blister formation, as 
shown in Table 3.1.  Where possible, the diffusivities are extrapolated to 300 ºC, 
which is an implantation temperature for which blister formation is not observed 
for GaAs:H19 but is observed in our case for GaAs:N.  Using the extrapolated 
diffusivites and assuming a typical implantation time of 10 hours, an estimate of 
the diffusion distance,39  x = (Dt)1/2, for H versus N in GaAs gives xH ≈ 1.9 cm, 
several orders of magnitude larger than xN ≈ 600 nm.  Thus, the absence of 
surface blistering on GaAs:H for implantation temperatures > 300 °C is likely 
related to significant H redistribution and out-diffusion, which has also been 
observed experimentally, for implantation temperatures > 200 °C.40  In this 
section, the blister formation behavior of GaAs:N is discussed in comparison to 
that of GaAs:H and the contrasting behavior is explained in terms of a model of 
blister formation incorporating ion-matrix diffusivity.   
 To date, models of blister formation incorporate both extended lattice 
defects as well as diffusion of implanted ions as necessary components for both 
bubble and blister formation.44,46  Various crystal defects have been observed to 
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act as precursors for bubble formation.  For example, implantation damage is 
thought to lead to extended lattice defects (platelets)11  that evolve into internal 
surfaces that act as bubble nucleation sites.  In metals, the presence of alloying 
elements is observed to affect the size and density of He bubbles,41 and grain 
boundaries appear to act as preferential nucleation sites.42,43  In addition to the 
requirement for existing crystal defects, the implanted species must be mobile 
enough to diffuse into these defects and form gas bubbles.  Figure 3.8 presents 
an illustration of this model as applied to the Si:H system,44 in which it is 
proposed that hydrogen diffuses into extended lattice defects to form bubbles.  
Thus, we will refer to this model as the “defect/diffusion model.”  Although in the 
case of Si:H this model includes chemistry-specific details (for example, H 
interaction with Si to form compounds45 or H passivation of internal Si 
surfaces46), the general features of the model appear to hold for other, less 
chemically-active, ions.  For example, He implantation in Si also creates 
extended defects,36,47 which lead to bubble formation following thermally-
activated diffusion and coalescence48 of He into the defects.   
 The defect/diffusion model has been used to explain the implantation-
temperature-dependence of blister formation in several light-ion implanted 
semiconductor and oxide systems.21  The lower temperature bound is attributed 
to a minimum defect mobility for extended defects such as platelets to form.  The 
upper temperature bound, in turn, is associated with out-diffusion of the 
implanted species, preventing gas accumulation inside platelets.  It is likely that 
the apparent temperature-insensitivity and wider temperature window for blister 
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formation in GaAs:N is due to the intrinsically lower diffusivity of N in GaAs as 
compared to H or He in GaAs or Si.   
 
Table 3.1: Comparison of reported diffusion parameters for various ions in GaAs 
and Si.  In each case, the ion implantation or film growth details are listed along 
with the temperature T associated with diffusion parameters given by the 
Arrhenius expression D = Doexp(-Q/RT), where D is the diffusivity or diffusion 
coefficient, D0 is the diffusion coefficient pre-factor, Q is the activation energy for 
diffusion, and R is the gas constant (8.314 J-mol-1K-1). For comparison at a 
typical blister formation temperature, D is extrapolated to 300 °C where 
applicable.  The estimated D(300 °C) of GaAs:N is orders of magnitude lower 
than that of other light ions in GaAs and Si (see references in table).   
System Technique T(°C) Q (eV) Do (cm
2s-1) D (cm2s-1) D(300 °C) 
(cm2s-1) 
GaAs:N23 Ion implantation (50 







GaAs:N24 MBE growth: solid-
source MBE (GaAs) 
and rf-plasma 
excitation of N2 
(GaAsN) 
800-1200 n/a n/a 3.5x10-12 n/a 
GaAs:H49 Ion implantation (60 
keV, 1x1016 cm-2) 
196-496 2.16 2x105 
 
n/a ~ 10-14 
 
GaAs:He38 Ion implantation (105 
keV, 5x1016 cm-2) 
325 0.41 1x10-9 
 




(500eV – 2keV) 
100-300 0.58 1x10-4 
 






The implantation-temperature-insensitivity of blister formation in GaAs:N 
may also be explained in terms of the distinct diffusion mechanism of N in GaAs 
versus H in GaAs or Si.  Indeed, H diffusion in both Si51 and GaAs49 has been 
reported to depend on lattice damage, presumably due to the reported 
dominance of hydrogen-vacancy-pair diffusion in those systems.  For example, in 
Si:H, an upper-bound implantation temperature for blister formation of ~450 °C is 
reported,21 and for high dose, room temperature-implanted Si:H,50 blister 
formation was not observed.  This is presumably due to enhanced diffusivity of H 
in that case, due to hydrogen-vacancy complex diffusion.  For example, Sopori et 
al.51  find that H diffusivity increases in Si with increased vacancy concentration 
(attributed to carbon impurities).  In contrast, the observed damage-insensitivity 
of blister formation in GaAs:N is likely related to an interstitial kick-out diffusion 
mechanism, reported for N in GaAs24 and shown schematically in Fig. 3.9(a-d), 
which would not be influenced by vacancies.  As shown in Table 3.1, low 
diffusivities have been observed in GaAs:N, apparently independent of the level 
of implantation-induced damage.   
However, one caveat that should be addressed in discussing the reported 
low diffusivity of N in GaAs is the possibility of radiation-enhanced diffusion 
(RED).  In RED, Frenkel defects created by radiation damage may accelerate 
vacancy or interstitial-driven diffusion processes during irradiation.52  However, 
the diffusivity value reported in Ref. 23 in Table 3.1 for N-implanted GaAs is 
based on measured N profiles for annealing experiments post-implantation.  
Thus, this diffusivity value does not take into account the possibility of RED 
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during implantation in GaAs:N, and we cannot rule out the possibility that RED 
may enhance the diffusivity of GaAs:N during implantation.  Finally, it is also 
worth noting that the predicted solubility of N in GaAs (< 1014 cm-3 at ~700 
ºC)53,54 is much less than the estimated solubility55 of H in GaAs (O(1020) cm-3 at 
~500 ºC), indicating that precipitation of N in GaAs is more likely than 
precipitation of H in GaAs.   
The role of diffusivity in bubble formation is further supported by 
comparison of the exfoliation depths in GaAs:N and Si:H.  In Si:H, with increasing 
implantation temperature, the exfoliation depth varies from the depth of maximum 
ion concentration to that of maximum lattice damage,56 where presumably a 
higher concentration of extended lattice defects acts as bubble nucleation sites.  
Indeed, in many ion-implanted structures, the depth of maximum damage is often 
less than that of the ion range.44,57  On the other hand, in GaAs:N, the exfoliation 
depth remains at the depth of maximum ion concentration, even for high-T-




In summary, we have examined the influence of implantation temperature 
on blister formation in GaAs:N.  Local crater depths, average damage depth 
profiles, and retained N doses were similar for both low-T and high-T 
implantations.  This is in contrast to the implantation temperature-dependence of 
these parameters observed in light ion, high-diffusivity systems such as GaAs:H 
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and Si:H.  Thus, the low ion-matrix diffusivity of GaAs:N, which is independent of 
the extent of lattice damage, leads to implantation temperature-insensitive 
exfoliation depths and damage depth profiles.  The low ion-matrix diffusivity of 
GaAs:N may be beneficial for the stable precipitation of bubbles across a wide 
range of processing temperatures. 
These results also illuminate the role of ion-matrix diffusivity on the 
presence of temperature windows for blister formation in ion-implanted 
semiconductors.   In GaAs:N, we observe blister formation at implantation 
temperatures outside the windows observed for GaAs:H and Si:H.  For example, 
in our case, blister formation is observed at 300 ºC, higher than the upper 
temperature bound observed for GaAs:H and Si:H.  It is likely that the low ion-
matrix diffusivity of GaAs:N prevents significant redistribution or out-diffusion that 
would otherwise prevent bubble formation at high temperatures.  Similarly, we 
observe blister formation at -196 ºC, much lower than the lower-bound 
temperatures observed in GaAs:H and Si:H.  In our case, the high N-
implantation-induced damage (observed by channeling-RBS) may preclude the 
need for defect diffusion in nucleating bubble precursors.  These results suggest 
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Fig. 3.1 SEM images of (a) as-grown (b) annealed (c) high-T-implanted and 
(d) high-T-implanted-plus-annealed GaAs.  Surface features are not 
apparent in both (a) as-grown and (c) high-T-implanted samples.  For 
the (b) annealed and (d) high-T-implanted-plus-annealed films, 
surface pitting and blistering are apparent, respectively.  Reprinted 
with permission from R. R. Collino et al., Appl. Phys. Lett. 95, 111912 






















































Fig. 3.2 X-ray energy dispersive spectra of (a) as-grown (b) rapid-thermal 
annealed (850 °C in N2) (c) as-implanted and (d) implanted-plus-
annealed GaAs layers, with features corresponding to L1 (K) x-ray 
emission from Ga and As (O and C).  The corresponding SEM 
images are shown as insets and represent the entire sampled area 
(~200 µm2).  The annealed surfaces exhibit apparent loss of As.  In 
the case of the implanted + annealed layers, spot scans (not shown) 
revealed similar surface stoichiometries for elongated features and 
craters. All of the spectra shown were collected with incident electron 
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Fig. 3.3 NRA spectra of α1 particle yield vs. energy in low-T and high-T-
implanted GaAs.  The similarity of counts vs. energy between the two 
samples indicates that the retained fluence (estimated from 
integrated peak areas) and [N] depth profile are similar for both. 
Reprinted with permission from R. R. Collino et al., Appl. Phys. Lett. 


























































Fig. 3.4 SEM (AFM) images of (a, (b)) low-T-implanted and (c, (d)) high-T-
implanted-plus-annealed samples.  SEM images in (a) and (c) reveal 
circular blisters and craters ~2 µm in diameter (highlighted with solid 
and dashed circles, respectively in (a)) for both low- and high-
temperature implantations.  AFM images of the same areas are 
shown in (b) and (d).  The cross-sectional profiles reveal crater 
depths of ~200 nm in both cases.  Reprinted with permission from R. 
R. Collino et al., Appl. Phys. Lett. 95, 111912 (2009). Copyright 2009, 


















































Fig. 3.5 Depth profile predicted by Monte Carlo simulations (SRIM Code) for 
100 keV N+ ions implanted at 5x1017 cm-2.  Inputs to the calculation 





















































Fig. 3.6 (a) SEM image (52° sample tilt) of a blistered surface with both 
circular blisters and craters.  A FIB trench (shown in the box) was 
fabricated to view near-surface layers in cross-section.  (b) Detail of 
cross section, cut through both intact blisters as well as crater, 
showing that the apparent crater „floor‟ coincides with the depth of 






























































Fig. 3.7 Channeling-RBS spectra as a function of backscattered energy of 
GaAs layers (a) before and (b) after annealing, comparing low-T- 
(open symbols) and high-T- (closed symbols) implanted samples with 
GaAs in the random and (001) aligned configurations.  In both cases, 
the normalized yield is similar for the low-T and high-T samples, 
suggesting similar lattice damage.  The implanted-plus-annealed 
spectra in (b) exhibit local maxima at ~1480 keV (corresponding to 
~200 nm), attributed to dechanneling by bubbles.  Reprinted with 
permission from R. R. Collino et al., Appl. Phys. Lett. 95, 111912 


















































Fig. 3.8 Model of platelet and bubble formation in H-implanted Si.  In the first 
step, implanted H is thought to occupy bond-centered sites in the 
silicon lattice.  In the second step, themal annealing results in silicon 
hydride that aids in the formation of {100} platelets by passivating 
internal surfaces.   In the third step, further annealing leads to the 
coalescence of H2 gas bubbles, resulting in blister formation or 
splitting.  Reprinted with permission from T. Höchbauer, A. Misra, M. 
Nastasi, and J. W. Mayer, J. Appl. Phys. 92, 2335 (2002).  Copyright 










Fig. 3.9 Schematic models of diffusion by (a-d) the kick-out mechanism and 
(e-h) the dissociative mechanism (vacancy-assisted).  In the kick-out 
mechanism, an atom diffuses interstitially (a) until it “kicks out” the 
shaded atom on a lattice site (b).  The process repeats itself in (c) 
and (d).  In the dissociative mechanism, the shaded atom initially on 
a lattice site (e) diffuses interstitially, creating a mobile vacancy (f).  
Eventually the atom will recombine with a vacancy (g) and settle on 
another lattice site (h).  Adapted from N. A. Stolwijk, Defect Diffus. 

















This chapter describes investigations of the surface morphology, 
electrical, and thermal properties of as-grown, N-implanted, and N-implanted-
plus-annealed GaAs layers for annealing temperatures of 800-900 ºC.  We begin 
with background information regarding buckling-driven delamination as well as 
ion-beam-synthesized nanocomposites and their application to novel electronics 
and energy conversion devices.  Next, the details of the experimental procedures 
are described.  The bulk of the chapter deals with investigations of the surface 
morphology of low- and high-temperature annealed GaAs:N surfaces.  With 
increasing annealing temperature, the surface morphology transitions from 
circular to elongated features, presumably due to two distinct delamination 
behaviors.  For low annealing temperatures, circular features are observed, and 
are presumably associated with the formation of subsurface gas bubbles, as 
discussed in Section 3.4.  At high annealing temperatures, elongated features 
are also apparent.  The elongated features are associated with buckling at the 
interface between the surface polycrystalline and nanocomposite layers.  Finally, 
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measurements of the free carrier concentration, resistivity, and Seebeck 
coefficient of GaAs:N films for low- and high-temperature annealing are 
presented and discussed.  Electrical measurements of GaAs(:N) suggest that the 
resistivity follows an log-log (power law) dependence on carrier concentration, in 
good agreement with literature reports of n-doped, MBE-grown GaAs films.  
Implantation and rapid-thermal annealing (RTA) decrease the carrier 
concentration and increase the resistivity, with a more significant effect for 
GaAsN:Te versus GaAsN:Si.  Finally, we show that implantation plus RTA leads 




  In this section, we describe the literature reports of importance for 
Chapter 4.  First, we will address previous observations of buckling delamination 
in semiconductor materials.  Then, we will discuss studies of III-V-material-based 
nanocomposites and their unique electrical and thermal properties.   
 
4.2.1 Surface Buckle Formation  
 
Thin-film surface buckling, i.e., periodic, out-of-plane displacement of a 
film,1 is typically due to the relaxation of compressive stresses,2 and has often 
been identified as a failure mechanism in surface coatings.3,4  Film delamination 
via surface buckling, often termed “buckling-driven delamination,” usually 
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requires the presence of a “weak” or low-toughness interface, such as that 
between a coating and substrate.5  In terms of semiconductor materials, this 
„weak‟ interface is often introduced artificially as a means to subsequently induce 
deformation.  For example, in Si6 and GaAs,6,7 the chemical etching and transfer 
of crystalline films to pre-strained PDMS substrates led to the buckling 
delamination of the semiconductor films upon release of the pre-strain.  In a 
similar fashion, wrinkled InGaAs membranes for nanochannels8 were fabricated 
using a weak interface introduced by an etching layer between compressively-
strained InGaAs layers and a GaAs substrate.  For these and other device-driven 
applications, the mechanics of buckling have largely not been addressed.   
 
4.2.2 Electrical and Thermal Properties of III-V-material-based 
Nanocomposites 
 
In this section, we will discuss the unique electrical and thermal properties 
of materials with nano-scale inclusions (“nanocomposites”), with a focus on 
thermoelectric applications.  For example, GaAsN nanocomposites have been 
fabricated by N ion implantation into GaAs followed by RTA.9-11,34  For these 
materials, the focus has been largely on optical properties.  For example, 
photoluminescence (PL)11,12,34 and photomodulated reflectance (PR)13,14 studies 
have shown an N-incorporation-induced reduction of the bandgap of GaAs.  In 
addition, ballistic electron emission microscopy studies of GaAsN 
nanostructures15 fabricated by implantation, pulsed-laser melting, and rapid-
thermal annealing revealed a spatially-resolved decrease in Schottky barrier 
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height with increasing N, attributed to a decrease in the bandgap of the GaAsN 
alloy.16  In another study, electrochemical capacitance voltage (ECV) 
measurements of S and N co-implanted GaAs revealed decreased donor 
activation efficiency in the vicinity of implantation-induced, nanoscale voids.17  A 
related type of nanocomposite has been fabricated using MBE growth of 
ErAs/InGaAs nanoparticle superlattices.  This nanocomposite was shown to 
exhibit enhanced Seebeck coefficient18 and a factor-of-2 decrease in thermal 
conductivity19 with respect to an InGaAs alloy.   
For high-efficiency quantum-dot-based thermoelectrics, remaining 
challenges include maintaining electrical conductivity in tandem with low thermal 
conductivity20 to maximize the thermoelectric figure-of-merit, ZT (Eq. 1.1).  
Particle-size effects are expected to influence both the electrical conductivity and 
thermal conductivity.  For example, high densities of “ideal quantum dots” 
(particle sizes <10 nm) are expected to be optimal in terms of electrical transport, 
with the possibility of hopping conduction or tunneling between them.  In terms of 
thermal transport, the sizes of nitride nanoparticles (~5 nm) possible using the 
ion-beam synthesis techniques demonstrated in this chapter are significantly 
smaller than the estimated phonon mean free path in GaAs (~100 nm).21  Thus, 
nanocomposites with ultra-small particles are promising for thermoelectric 






4.3 Experimental Details 
 
For this study, undoped, Si-doped, or Te-doped MBE-grown GaAs films 
were implanted with N+ and subsequently subjected to RTA, as described in 
Section 2.2.  The substrate temperature during implantation was -196 ºC unless 
otherwise specified.  Following implantation, some of the samples were 
subjected to RTA at 800, 850, or 900 ºC for 30 seconds.   
The layer surface morphologies were examined via plan-view and cross 
sectional scanning-electron microscopy (SEM) and atomic-force microscopy 
(AFM).  SEM imaging was carried out in a FEI Nova Nanolab or Quanta 200 3D 
dual-beam FIB/SEM.  Cross-sectional SEM images of the subsurface structure 
were obtained after focused ion beam (FIB) milling of trenches near the features 
of interest.  Typical milling sequences consisted of the following voltage and 
current conditions: first, a 30 kV, ~1.2 nA “milling” step to remove ~5 µm of 
material, followed by a 10 kV, ~50 pA “polishing” step to minimize FIB-induced 
damage in the area to be imaged.   AFM was performed with a Digital 
Instruments Nanoscope IIIA atomic force microscope in tapping mode, using 
etched Si tips, as described in Section 2.4.  To determine the implantation-
induced stresses, wafer curvature measurements were performed with a Dektak3 
profilometer as described in Section 2.10.   
For nano-structural investigations, transmission electron microscopy 
(TEM) and selected area electron diffraction (SAED) were carried out using a 
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JEOL 3011 high-resolution TEM operating at 300 kV.  SAED patterns were 
obtained using a ~150 nm diameter aperture.  
The electronic and thermal transport properties were examined using 
resistivity, Hall, and Seebeck coefficient measurements.  To determine the 
resistivity, we assumed that carriers are contained within the n-doped, MBE-
grown layer (~1 µm).  Furthermore, in the analysis, we considered the carrier 
depletion widths at the free surface and at the interface between the MBE-grown 
film and the semi-insulating GaAs substrate.22   In all cases, ~5x5 mm square 
samples were used for resistivity and Hall measurements and ~5x10 mm 
samples used for Seebeck measurements.  Resistivity, Hall, and Seebeck 
measurements and analyses are described in detail in Section 2.9. 
 
4.4 Surface Morphology of Annealed GaAs:N Layers 
 
Fig. 4.1 presents plan-view SEM images of the surface morphology of N-
implanted-plus-annealed GaAs layers for -196 and 300 °C implantation 
temperatures, and 800, 850, and 900 ºC (low, intermediate, and high 
temperature) RTA.  For both implantation temperatures, the surface morphology 
after the low-temperature RTA consists of circular features, some of which 
appear to have exfoliated, as shown in Fig. 4.1(a,d).  As the RTA temperature is 
increased, a transition from primarily circular features to a combination of circular 
and elongated features is apparent, as shown in Fig. 4.1(b,e) for intermediate-
temperature RTA.  Following high-temperature RTA (Fig. 4.1(c,f)), very few 
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circular features remain, and instead the surface primarily contains elongated 
features. 
To elucidate the surface deformation processes, quantitative AFM 
measurements of as-implanted and implanted-plus-annealed GaAs:N surfaces 
were performed, as shown in Fig. 4.2.  The as-implanted surface, shown in Fig. 
4.2(a), appears featureless, exhibiting an rms roughness of ~3 nm.  In contrast, 
following low-temperature and high-temperature RTA, micron-scale circular and 
elongated features are observed, as shown in Figs. 4.2(b) and 4.2(c).  The 
circular features, which in some cases have already exfoliated, are likely 
associated with subsurface gas bubble formation, as described in Section 3.4.  
On the other hand, the appearance of elongated features suggests that a 
different deformation mechanism has been triggered during the high-temperature 
RTA.   
The deformation behavior following low- and high-temperature RTA was 
further studied by cross-sectional SEM imaging, as shown in Figs. 4.3 and 4.4.  
Figure 4.3 shows SEM images of a trench-cut through both an intact and 
exfoliated circular surface feature following low-temperature RTA.  The thickness 
of the intact circular feature is equal to the depth of the exfoliated circular feature, 
approximately 200 nm.  This depth also coincides with the predicted depth of 
maximum nitrogen concentration as discussed in Section 3.4, suggesting that 
these voids have formed due to nitrogen gas accumulation.  Therefore, we refer 
to these circular features as “blisters.” 
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Following high-temperature RTA, SEM images reveal elongated surface 
features, as shown in Fig 4.4.  For the surfaces with elongated features, there 
appear to be two distinct depths at which voiding or delamination occurs.   At 
~200 nm below the surface, voids are apparent, similar to those shown in Fig. 
4.3.  However, an additional delamination has apparently occurred at a shallower 
depth, ~50 nm below the surface.  The top delamination features, which we term 
“rumples,” have a twisted shape similar to that of “telephone-cord” buckling,23 
suggesting a biaxial compressive stress state.24-27  Interestingly, for RTA up to 
900 ºC, exfoliation of the elongated features was not observed.  
This shape of the rumples, shown in Figs. 4.2(c) and 4.4, indicates that 
this form of delamination is dominated by large residual compressive strains, 
possibly induced by implantation damage.  The residual compressive strain, ε, is 
determined by comparing the apparent length of the delaminated layer (L) with 
the surface length of the non-delaminated subsurface layers (Lo), as shown in 
Fig. 4.4(c), as follows: 
ε = (L-Lo)/Lo         (4.1) 
Since the angle of observation for the SEM image is 52º, the values of L and L0 
are not exact.  Nonetheless, for the rumple shown in Fig. 4.4(c), L ≈ 25 µm and 
L0 ≈ 20 µm, leading to a strain of ~20%, much larger than the strain (< 2%) at 
which yield is typically observed in GaAs.28 This large strain might be due to the 
relief of residual stress accumulated during ion implantation.  Since the highest 
RTA temperature, 900 ºC, is within the temperature range for which creep has 
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been reported in GaAs,29 it is likely that the implantation-induced stress is 
relieved via a creep-assisted mechanism. 
 Assuming that this system can be described by linear elasticity, we 
estimate the stress via Hooke‟s law. Using the E of crystalline GaAs (85.5 GPa) 
to approximate the value of E in the top polycrystalline layer, we find a residual 
compressive stress of 17 GPa. 
To examine possible strain relaxation in the top polycrystalline layer, the 
Ga+ FIB was used to remove “lines” of material from the surface, a process we 
refer to as “FIB line-cuts.”  FIB line-cuts were milled into the low-temperature-
annealed and high-temperature-annealed layers, as shown in Figs. 4.5(a) and 
4.5(b), respectively.  The large rumple shown in Fig. 4.5(b) remains intact and 
does not “deflate,” suggesting that these features are permanently (plastically) 
deformed, with a shape similar to that of a buckle.  We note that this behavior is 
in contrast to that observed in buckled metallic films, for which the removal of 
compression applied via a mechanical stage30 enabled the elastic relaxation of 
the surface to a from twisted buckles to straight buckles.  Similarly, for diamond-
like-carbon films on glass substrates, buckles appeared to elastically relax after 
FIB line-cuts31 were milled across the width of the buckle.     
 
4.5 N-implantation-induced Stress in GaAs:N 
 
To characterize the implantation-induced stress, , we utilized curvature 















        (4.2) 
where Es and s are the substrate Young‟s modulus and Poisson‟s ratio, hs and hf 
are the thicknesses of the substrate and film, and Ri and Rf are the radius of 
curvature of the wafer before and after implantation, respectively.  Stoney‟s 
equation is considered valid for systems that exhibit linear and isotropic elasticity, 
with hf << hs, small strains (discussed later in this section), and a laterally uniform 
film stress.   
Surface profilometry measurements were used to determine the wafer 
curvature.  Specifically, the spatial dependence of the surface height was 
measured across 3 mm surface lengths for two samples before and after 
implantation.  The details of these measurements as well as the analysis used to 
determine R are provided in Section 2.10.  Example plots of height versus 
surface scan length for a GaAs wafer before and after N-implantation are shown 
in Fig. 4.6.  The larger height difference across the scan length for the implanted 
wafer in comparison to that of the as-grown wafer indicates an implantation-
induced decrease in radius of curvature, suggesting that implantation induces 
compressive stresses in the near-surface layers.   
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Table 4.1: Wafer curvature data for GaAs before and after N implantation.  The 
radius of curvature, R, is determined from profilometry measurements of the 
spatial dependence of the surface height.  The R values are averages (± 
standard deviation) of six surface scans for each sample.  The significant 
decrease from Ri (before implantation) to Rf (after implantation) suggests a high 




Ri (m) Rf (m) 
573C 21±3 1.5±0.1 
725B 13±4 1.4±0.3 
 
Using the values of Ri and Rf summarized in Table 4.1, Es and s of GaAs 
from Table D.1, and assuming that hs ≈ 600 µm and hf ≈ 400 nm (the predicted 
maximum depth of N implantation, as shown in Fig. 3.5), the implantation-
induced stresses are estimated at ~11 GPa.  This estimate is similar to the 17 
GPa estimated from the SEM observations of surface deformation discussed in 
Section 4.4.    
 Our curvature measurements suggest an implantation-induced change in 
radius of curvature of approximately one order of magnitude, from ~10 m to ~1 
m, as shown in Table 4.1.  For such large changes in the radius of curvature, one 
concern is whether the small deflection requirement of linear elasticity has been 
violated.  We demonstrate below that although the residual stress is large, the 
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deformation remains within the small deflection limit.  Using the measured 
curvature, a normalized mismatch strain S may defined as:            
          𝑆 = 𝐾 1 +  1− 𝜐𝑠 𝐾
2                   (4.3) 
In this expression, K is a normalized curvature defined as K = L2/4Rhs, where L is 
a characteristic lateral dimension. Values of S < 0.3 are considered to be within 
the small deflection limit of linear elasticity.33  In our case, for a typical sample 
edge length, 20 mm, a value of S ≈ 0.1 is obtained from Eq. 4.3, well within the 
small deflection limit.   
 
4.6 N-implantation-induced Stiffness Reduction in GaAs:N  
 
The influence of implantation on the elastic response of the GaAs:N films 
was estimated using nanoindentation measurements, as described in Section 
2.10.  To limit the depth of the indentation measurements, displacement-driven 
positioning was used (thus leading to relatively noisy data).  For similar 
displacements, the overall load for the implanted film was less than that of the 
as-grown film, indicating a reduced stiffness.  This, in turn, suggests a reduction 
in the E of the film, following implantation.   
For comparison purposes, we estimated E for the as-implanted GaAs:N 
layers based upon predicted elastic constants from the literature.  Since prior 
TEM investigations revealed the essentially amorphous nature of the as-
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implanted GaAs:N film,34,35  we treat these films as amorphous GaAs. Molecular 
dynamics simulations predict elastic constants (c11 and c12) of amorphous GaAs 
that are approximately 80% of their crystalline counterparts, as shown in Table 




       (4.4) 
we estimate E = 69 GPa for amorphous GaAs, less than that reported for 
crystalline GaAs (85.5 GPa) and thus in qualitative agreement with the reduced 
stiffness observed by nanoindentation. 
 
4.7 Structure of Annealed GaAs:N Layers 
 
The subsurface structures of the low- and high-temperature-annealed 
layers are further explored by large-area TEM imaging, as shown in Figs. 4.8(a) 
and 4.8(b), respectively.  In both cases, we observe three distinct layers: a top 
polycrystalline layer, a middle nanocomposite layer, and a crystalline GaAs near-
substrate layer.  In both cases, there appear to be two depths at which voiding or 
delamination occur, as discussed in section 4.4.  At the top polycrystalline layer, 
~50 nm below the surface, a delamination is apparent.  In addition, at the 
interface between the near-substrate and nanocomposite layers, ~200 nm below 
the surface, voids are apparent.  A comparison of Figs. 4.8(a) and 4.8(b) 
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suggests higher strains and therefore more significant deformation of the top 
polycrystalline layer for the high-temperature RTA film in comparison with the 
low-temperature RTA film.   
The nanostructure of the high-temperature RTA film is shown in further 
detail in the TEM images in Figs. 4.9(a) and 4.9(b).  The bright-field TEM 
micrograph presented in Fig. 4.9(a) reveals the top polycrystalline layer, the 
nanocomposite layer, and void formation between the nanocomposite and near-
substrate layers.  A corresponding {111} dark-field TEM micrograph of the same 
area as that shown in Fig. 4.9(a) is presented in Fig. 4.9(b).  This image reveals 
bright features in both the nanocomposite and the top polycrystalline layers, 
presumably due to the formation of nanometer-size crystals in both layers.  The 
top polycrystalline layer was further investigated using high-resolution TEM, as 
shown in Fig. 4.9(c).  This region represents an area similar to that boxed in Fig. 
4.9(a) and exhibits lattice fringes aligned in different directions, indicating the 
polycrystalline nature of this layer.   
The composition of the nanocrystalline layer was elucidated by SAED 
from an area containing both the near-substrate layer and the nanocomposite 
layer, shown in Fig. 4.9(d).  The SAED pattern reveals spots from the crystalline 
GaAs substrate as well as spotty rings associated with {101} and {110} wurtzite 
GaN, similar to previous investigations of 750-850 ºC annealed layers.34-36  
Apparently, the larger surface deformation resulting from high-temperature RTA 
has not significantly influenced the nanostructure formation. 
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4.8 Electrical Properties of GaAs:N Films 
 
 To explore the electrical properties of GaAs(:N) layers, resistivity and Hall 
measurements were performed on MBE-grown (“as-grown”), N-implanted (“as-
implanted”), and implanted-plus-RTA layers, for  low- and high-temperature-RTA.  
As an approximation, we determined the resistivity values based on the total 
thickness of the doped layers, as described in Section 4.3.  The resistivity of the 
as-grown samples follows a log-log (power law) dependence on carrier 
concentration, in good agreement with literature reports of n-doped, MBE-grown 
GaAs films, as shown in Fig. 4.11.  Due to the relatively high resistivity of some 
implanted films and/or contacts, as well as the fragility of the blistered or rumpled 
surface layers, measurements of carrier concentration and resistivity from a 
nearly “complete” set consisting of all implantation and annealing conditions was 
only possible in a few cases.  In this case, a “complete” set is defined as 
including as-grown, as-implanted, and implanted-plus-RTA layers for at least one 
RTA temperature (800 or 900 ºC), from one unique MBE-grown wafer.  We will 
first compare nearly “complete” sets of data from Te-doped and Si-doped 
GaAs(:N) films and subsequently discuss the trends inferred from all data from 
GaAs(:N) layers.     
 The resistivity versus free carrier concentration of the n-doped GaAs(:N) 
layers is presented in Fig. 4.10(a), for those samples that comprise a nearly 
“complete” set.  We note that for the Te-doped sample, resistivity could not be 
measured in the as-implanted film.  Data from Yu et al.37 (Jin et al.38) for MBE-
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grown, Si-doped (and Te-doped) GaAs, for both as-grown and annealed layers is 
also plotted for comparison.  For our GaAs(:N) layers, there are two sets of data: 
one Te-doped (denoted by filled markers) and two Si-doped (denoted by open 
and cross-hatched markers).  
Following implantation, the carrier concentration decreases for both of the 
Si-doped layers, as shown by the dashed arrow from the circle to square-shaped 
marker in Fig. 4.10(a).  This decrease in carrier concentration is likely due to 
carrier compensation by implantation-induced Frenkel (vacancy-interstitial) 
defects, as has been reported for O-, F-, and Ne-implanted GaAs.39  We note 
that the corresponding resistivity of the Si-doped layers increases following 
implantation, from ~0.001 to ~0.004 and ~0.004 to ~0.03 Ω-cm, respectively.   
Following RTA, the carrier concentration increases for all N-implanted, Si-
doped GaAs:N layers.  For these layers, n increases from ~1018 to ~5x1018 cm-3 
and ~1017 to ~2x1017 cm-3.  For the Te-doped case, as-implanted data is not 
available.  However, the combination of implantation plus RTA reduces the 
carrier concentration from ~2x1018 (as-grown) to ~3x1016 cm-3 (implanted-plus-
800 ºC annealed).  In contrast, the effect of implantation plus RTA on n for the Si-
doped N-implanted layers is smaller, with a reduction from ~6x1018 to ~4x1018 
cm-3 and 5x1017 to ~2x1017 cm.-3  For reference, we also compare the influence 
of RTA without implantation, using values from two reports in the literature.  n for 
both the Si- and Te-doped layers from Jin et al. remain approximately constant at 
~1018 cm-3.  In contrast, n for the Si-doped layer from Yu et al. decreases from 
~2x1019 to ~6x1018 cm-3.  Thus, the effect of (implanted) N with annealing is to 
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decrease n for both Si- and Te-doped layers, although the decrease in n is much 
larger in the Te-doped case.  Without implanted N, the effect of annealing 
appears to be dopant-insensitive, with similar decreases in n for both the Te- and 
Si-doped layers reported by Jin et al.  Rather, the influence of RTA on n appears 
to depend on the magnitude of n before RTA.  Following RTA, n decreases for 
samples with n < 1019 cm-3, whereas n remains constant for the most heavily-Si-
doped sample reported by Yu et al. 
We also consider the combined influence of implantation followed by RTA 
on the film resistivities. For the Si-doped GaAs:N layers, implantation plus RTA 
(circles to triangles) increases ρ of the two films from ~0.001 to ~0.01 Ω-cm and 
~0.004 to ~0.04 Ω-cm.  For the Te-doped GaAs:N layer, implantation plus RTA  
increases ρ from ~0.001 to ~0.1 Ω-cm, a much larger increase than that for the 
Si-doped case.  In contrast, the resistivities of the MBE grown layers do not 
change appreciably with RTA.  For Jin et al., ρ remains essentially constant at 
~0.002 Ω-cm for both the Si-doped and Te-doped layers.  Similarly, for the Si-
doped layer reported by Yu et al., ρ ≈ 0.0006 Ω-cm before and after RTA.  Thus, 
the effect of implantation plus RTA is to increase ρ for both dopant types, 
although the increase in ρ for the Te-doped layer is significantly larger than that 
for Si-doping.  For layers without implanted N, the influence of RTA on ρ is 
smaller, and nearly independent of dopant species (i.e., Si versus Te). 
To examine the influence of implantation-induced lattice damage on the 
electrical properties, we consider literature values of ρ vs. n for MBE-grown 
GaAs:N layers in Fig. 4.10(b).  It should be noted that for all layers in this plot, a 
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N concentration of ~1.5% is expected, whereas for the N-implanted layers in Fig. 
4.10(a), the N concentration is predicted to exhibit an approximately Gaussian 
concentration profile, spanning a depth of ~400 nm beneath the surface, with a 
maximum N composition of ~50%, as estimated from Fig. 3.5. The “control” Te-
doped and Si-doped GaAs films (without N) are again plotted for comparison, as 
well as MBE-grown GaAs:N layers, both as-grown and annealed.  For the 
GaAs:N layers grown by Jin et al., n increases from ~2x1017 to ~4x1017 cm-3 and 
~3x1017 to ~4x1017 cm-3  for the Si-doped layers, and from ~5x1017 to ~1018 cm-3 
for the Te-doped layer, after RTA.  In contrast, n for the GaAs:N layers grown by 
Yu et al. remains essentially constant at ~1019 cm.-3  Similarly, the resistivities 
reported by Jin et al. decrease after RTA, from ~0.3 to ~0.05  Ω-cm and ~0.1 to 
~0.05  Ω-cm for the Si-doped layers and from ~0.07 to ~0.02  Ω-cm for the Te-
doped layer.  In contrast, ρ values reported by Yu et al. remain constant at ~ 0.01 
Ω-cm.  Thus, the RTA-induced decrease in n and increase in ρ is significantly 
larger for the Te-doped, N-implanted GaAs layer than for the Si-doped GaAs:N 
layers (either N-implanted or MBE-grown). 
Figure 4.11 presents the resistivity versus free carrier concentration for all 
n-doped GaAs(:N) films.  Reported ρ versus n of MBE-grown, Si-doped GaAs 
layers from Chin et al.40 are plotted for comparison, and are in good agreement 
with our as-grown data.  Some general trends about the influence of implantation 
and RTA on n and ρ may be inferred from the data.  For example, following RTA 
of the implanted layers, most of which possessed either film or contact 
resistances too large to measure, some of the conductivity was restored despite 
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the disordered crystalline structure of the nanocomposite (discussed in section 
4.6).  However, after implantation plus low-temperature RTA, the layers possess 
sufficiently low resistance to measure, and exhibit a factor of ~5 increase in ρ in 
comparison to the as-grown layers.  To illustrate this ρ - n trend, in Fig. 4.11, 
dotted lines are drawn between the black diamonds and the black circles.  In 
most cases, following high-temperature RTA, the resistivities of the layers could 
not be measured, similar to the case of the as-implanted layers discussed above.  
Their high resistivity is likely due to a combination of contact and film resistance, 
both of which may be influenced by the large surface deformation, as discussed 
in Section 4.4. 
 
4.9 Seebeck Coefficient of GaAs:N Films 
 
 The thermal transport properties of the GaAs:N layers were investigated 
via measurements of the Seebeck coefficient S versus carrier concentration n, as 
shown in Fig. 4.12.  S is defined as ΔV/ΔT where ΔV is the measured voltage 
response for a temperature difference ΔT across the sample.  For n-doped 
semiconductors, S is negative; for the following discussion, we will refer to the 
absolute value of S.  In all cases, ΔT was ~1-5º with respect to the ambient 
temperature; thus, S represents the “room temperature” Seebeck coefficient.  
The measured Seebeck coefficients of the as-grown samples range from 100 
and 500 µVK-1, for n ranging from 1016 cm-3 to 1019 cm-3.  The measured values 
are similar to literature reports for n-doped GaAs, also shown in the plot.41-43  
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Following implantation, S could only be measured for the most heavily-doped 
implanted-plus-annealed layers, presumably due to the high resistivities for 
samples with carrier concentrations < 1018 cm-3, as shown in Figs. 4.10 and 4.11.  
Interestingly, for the heavily-doped implanted-plus-annealed layers, the 
measured S is slightly enhanced in comparison to that of the as-grown films.  
The observed enhancement of S might be related to the predicted maxima of the 
power factor, S2, and thermoelectric figure-of-merit, ZT (given in Eq. 1.1) for 
degenerate semiconductors with high n (1019-1020 cm-3).44  Thus, the highly-
doped films are promising for further studies of the thermal conductivity and 




The surface morphology and electrical and thermal properties of GaAs:N 
layers produced by N implantation of epitaxial GaAs with subsequent annealing 
at 800-900 °C were investigated.  A transition in the morphology of the GaAs:N 
surfaces with annealing temperature was observed, independent of implantation 
temperature.  At the lower annealing temperatures, circular blisters were 
predominately observed; at the higher annealing temperatures, elongated 
surface features associated with surface rumpling became dominant.  Each 
surface feature was associated with its own distinct delamination depth.  
Following low-temperature RTA, delamination of the circular features occurred at 
the observed depth of cavities, suggesting that blistering was induced by 
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coalescence of N bubbles, as described in Section 3.4.  However, following high-
temperature RTA, delamination of the elongated surface rumples occurred at the 
interface between the near-surface polycrystalline and nanocomposite layers.  
The morphology of this delamination suggests that a different mechanism, 
buckling-driven delamination, is triggered in that case.  In addition, large 
implantation-induced residual stresses are observed, and are apparently relieved 
by a combination of delamination and creep-assisted plastic deformation in the 
high-temperature RTA system.   
The influence of implantation and RTA on the free carrier concentration, n, 
and resistivity, ρ, of GaAs:N(Si) and GaAs:N(Te) was examined.  For GaAs(:N), 
ρ follows a log-log dependence on n, independent of the dopant species and 
RTA conditions.   Following implantation plus RTA, decreased n and increased ρ 
were observed for both dopant types, with a more significant increase in ρ for the 
Te-doped GaAs:N layer.  Finally, for the implanted plus RTA GaAs:N 
nanocomposite layers, the measured Seebeck coefficient is slightly enhanced in 
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Fig. 4.1 SEM images of implanted-plus-annealed samples for 
implantation temperatures of  -196 °C (first column) and 300 
°C (second column), and annealing temperatures of (a,d) 
800, (b,e) 850, and (c,f) 900 °C.  For both implant 
temperatures, the 800 °C annealed surfaces consist of 
circular features: blisters and craters (popped blisters).  At 
higher annealing temperatures, the surface features transition 
from circular to predominantly elongated features at 900 °C 














































































Fig. 4.2 AFM surface profiles of (a) as-implanted, (b) implanted plus  
800 °C annealed, and (c) implanted plus  900 °C annealed 
GaAs:N surfaces.  In the as-implanted case, a relatively small 
surface roughness is observed (x40 scale).  For the 800 °C 
annealed surface, circular blisters are observed, and for the  
900 °C annealed surface, larger surface rumples are 
apparent. 
(a) (c) (b) 
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Fig. 4.3 (a) Plan view SEM image of an implanted plus 800 °C 
annealed film with circular features.  FIB material removal 
was performed to image a crater and blister in cross-section 
in (b).  Both features appear to delaminate at a depth of ~200 
nm, in agreement with the simulated N ion range, suggesting 
































Fig. 4.4 (a) Plan view SEM image of an implanted plus 900 °C 
annealed film with elongated features.  FIB material removal 
was performed to image the sub-surface structure in cross-
section in (b), revealing two distinct delamination depths 
corresponding to the interface between the near-surface 
crystalline and nanocomposite layers, as well as a deeper 
delamination at the bubble layer.  The strain in the top layer is 
estimated by (L-Lo)/Lo, where Lo is the apparent length of the 
deformed top layer and L is the un-deformed surface length, 



































Fig. 4.5 SEM images of implanted plus (a) 800 °C and (b) 900 °C 
annealed samples after FIB line cuts were milled into a (a) 
circular and (b) elongated feature.  In both cases, the top 
layer of the sample exhibits no apparent relaxation, 
suggesting permanent (plastic) deformation.  
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Fig. 4.6 Profilometer measurements across the surface a GaAs wafer 
before and after N-implantation.  In both cases, a gradient in 
surface height is observed due to both intrinsic curvature and 
residual stresses, as shown schematically in the inset. The 
reduction in the surface height gradient (and consequently 
radius of curvature) is likely due to an increase in near-



































































       as-grown 
       as-implanted 
Fig. 4.7 Load versus displacement measured by nanoindentation of 
as-grown and N-implanted GaAs films.  Larger displacements 
are observed for implanted films versus as-grown films for 
similar loads, suggesting reduced stiffness of the implanted 




























Fig. 4.8 Large-area cross-sectional TEM of an (a) implanted plus 800 
°C annealed film and (b) implanted plus 900 °C annealed 
film, showing the relatively large deformation of the top 







































Fig. 4.9 (a) Bright-field and (b) {111} dark-field TEM images of 
implanted plus 900 ºC annealed GaAs:N layers.  In (a), three 
distinct layers are apparent, including the delaminating 
polycrystalline layer, the nanocomposite layer, and the GaAs 
near-substrate layers.  The nanocrystalline nature of the 
middle layer is shown by the dark-field image in (b).  In (c), 
HRTEM of the top layer reveals its polycrystalline structure, 
as observed by the varying directions of lattice fringes.  
SAED of an area including the nanocomposite layer and 
near-substrate layers is shown in (d), revealing both 
crystalline diffraction spots from the substrate as well as 
spotty rings associated with {101} and {110} wurtzite GaN, as 






























       
       



















        as-grown 
        as-implanted 
        impl. +800ºC 
Fig. 4.10 Resistivity versus free carrier concentration of GaAs(:N) 
layers for (a) implanted layers and (b) MBE-grown layers 
from Jin et al. (Ref. 38) and Yu et al. (Ref. 37), illustrating the 
more pronounced effect of annealing on n and ρ of Te-doped, 
N-implanted GaAs layers versus MBE-grown Te-doped or Si-
doped GaAs layers.  As a guide to the eye, an example of the 
sequence of processing steps (implantation, followed by 
annealing) is indicated by an arrow for a Si-doped sample 
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Fig. 4.11  Resistivity versus free carrier concentration for all n-doped 
GaAs(:N) films.  Dotted lines are drawn as a guide to the eye, 
to illustrate the increase in resistivity for implanted-plus-800 
ºC annealed layers versus as-grown layers.  For comparsion, 
resistivities of MBE-grown layers from Chin et al. (Ref. 40) 
are shown. 
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Fig. 4.12 Seebeck coefficient versus carrier concentration for as-
grown, implanted plus 800 ºC annealed, and implanted plus 
900 ºC annealed n-doped GaAs:N films.  For comparison, 
values from Refs. 41-43 for n-doped GaAs are shown.   
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 In this chapter, we discuss the development and demonstration of a new 
technique for the simultaneous nanostructuring and layer transfer of a GaAs:N 
film, termed “ion-cut-synthesis.”  Ion-cut-synthesis is accomplished via N-ion 
implantation in GaAs, followed by wafer bonding and rapid-thermal annealing.  
Due to the low ion-matrix diffusivity of GaAs:N, high-temperature annealing  
induces the formation of both nanocrystals and gas bubbles, thereby enabling 
simultaneous nanostructuring and layer transfer of GaAs:N films.   
The chapter begins with a review of semiconductor materials integration 
strategies, including the ion-cut process.  In addition, efforts to date to achieve 
combined transfer and film patterning will be presented. Next, we describe the 
experimental details for our investigations.  The bulk of this chapter is devoted to 
our work in identifying suitable alternative substrates and bonding materials for 
the successful demonstration of ion-cut-synthesis.  In particular, the critical role 
of thermal expansion coefficient matching on the achievement of ion-cut-
synthesis is described.   
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5.2 Background 
  
 In this section, we present a review of semiconductor thin-film materials 
integration, including approaches that involve wafer bonding.  This is followed by 
a discussion of the ion-cut process, in which wafer bonding is coupled with light-
ion-implantation and annealing to achieve the transfer of thin films.  In the final 
part of this section, we will discuss attempts to date to achieve transfer of 
patterned films by ion-cut, as well as background work towards the achievement 
of the ion-cut-synthesis process for the simultaneous synthesis and transfer of a 
nanostructured film. 
 
5.2.1 Semiconductor Thin-film Materials Integration by Wafer Bonding 
 
For several GaAs materials integration applications, thermal, electrical, 
and/or fiscal requirements make it necessary to explore alternative substrates 
such as other semiconductors, glasses, or ceramics.  In particular, ceramic 
substrates are attractive in terms of price, and some can provide a combination 
of electrical insulation and high thermal conductivity for heat dissipation in high-
power/high-frequency applications.  Examples of III-V/ceramic materials 
integration via wafer bonding include AlGaAs/GaAs-heterostructure-based 
heterojunction bipolar transistors on AlN and diamond substrates fabricated by a 
bond-and-etch-back technique.1  Similarly, low-temperature-grown GaAs 
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microswitches have been transferred to single-crystal Al2O3 substrates via 
epitaxial lift-off (ELO).2  However, in many cases, these bonding techniques 
require the removal of the parent GaAs substrate.  Thus, in order to save 
material, techniques for the transfer of a thin layer that preserve the parent 
substrate for further processing are desirable.  One such technique is the ion-cut 
process, for which ion-implantation-induced gas pressure is used to transfer a 
thin film, as discussed in the next section.  
 
5.2.2  Ion-cut 
 
Over the past decade, the “ion-cut” or “smart-cut” process3 has emerged 
as a promising approach to heterogeneous materials integration.  The ion-cut 
process involves high-energy ion implantation into a sacrificial substrate which is 
then bonded to another substrate.  Subsequent thermal annealing leads to the 
formation and coalescence of gas bubbles, resulting in fracture of the original 
substrate. This surface layer remains bonded to the new substrate, which we will 
refer to in general as a “receiver substrate,” and the original substrate may be re-
used for additional thin film processing.  Given the relatively high cost of GaAs 
substrates, the ability to recycle the original GaAs wafer is a distinct advantage 
over all of the wafer bonding techniques described in the previous section, for 




Ion-cut was first demonstrated3 for silicon-on-insulator technology as a 
means of transferring a crystalline silicon layer onto an amorphous insulating 
oxide layer.  To date, the ion-cut technique has been expanded to include the 
transfer of several semiconductor and oxide layers to alternative receiver 
substrates.4-12  For heterogeneous GaAs integration, the sole focus of ion-cut has 
been for the transfer of crystalline GaAs layers to Si.13-18   
In all of these cases, light-ion (H+ and/or He+) implantation was used to 
accomplish ion-cut of GaAs.  To our knowledge, the use of N implantation for 
layer transfer has not yet been explored.  In addition, as discussed in Section 
3.6, the implantation of N in GaAs is advantageous for ion-cut due to the low ion-
matrix diffusivity and the apparent stability of bubble formation across a wide 
range of processing temperatures (and thus, presumably more uniform layer 
transfer) in comparison to higher-diffusivity systems such as GaAs:H.   
 
5.2.3  Progress Toward Patterned Layer Transfer by Ion-cut 
 
In general, the fabrication of a patterned device or structured film by ion-
cut typically entails several processing steps subsequent to layer transfer.  For 
example, nanopatterned Si surfaces have been created by ion-cut followed by a 
multi-step process including twist-bonding and chemical etching.19  The transfer 
of patterned “islands” has been demonstrated for silicon-on-insulator20 and 
patterned exfoliation (but not patterned transfer) has been achieved for InP and 
GaAs.21  In these cases, localized exfoliation is accomplished by either the 
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deposition of a photoresist layer or the placement of a mesh grid on the sample 
surface prior to implantation. These masking techniques are limited in terms of 
the achievable spatial resolution as well as the additional processing steps 
required to remove the masking grid or photoresist layer.  The transfer of Si-
based device structures fabricated prior to ion-cut has also been demonstrated,22 
but many complications must be accounted for.  For example, to ensure a 
uniform depth distribution of implanted ions (and consequently, uniform splitting) 
the device components must comprise materials in which the implanted ion has 
similar stopping powers.   
To our knowledge, simultaneous patterning and layer transfer via ion-cut 
alone has not been accomplished.  It is likely that both the precipitation of a new 
phase and bubble formation is not possible in high-diffusivity systems such as 
Si:H and GaAs:H. For example, in H-implanted Si, nanostructure and bubble 
formation have been observed to occur separately, but not simultaneously.  In 
this case, high-dose (1 - 3 x 1017 cm-2) H implantation and high-temperature (600 
- 800 ºC) annealing leads to the formation of Si nanocrystals within an 
amorphous Si layer.23  Bubble formation and ion-cut have been reported to occur 
only within lower dose24 (2 x 1016  – 1 x 1017 cm-2) and temperature25 (400 - 600 
ºC) windows.  The upper temperature bound observed for blister formation26 and 
layer transfer27 in high-diffusivity, light-ion-implanted systems is likely due to the 
out-diffusion of the implanted ions.  In turn, this out-diffusion would prevent the 
high-temperature precipitation of a new phase.   
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In contrast, due to the low ion-matrix diffusivity of GaAs:N, precipitation of 
both nitrogen gas bubbles and nitride nanocrystals has been observed.28  Based 
upon these observations, Weng et al.29 proposed the ion-cut-synthesis technique 
for simultaneous nanostructure synthesis and layer transfer in N-implanted, 
bonded, and annealed GaAs.  If the high-temperature-annealing induced layer 
splitting is caused by gas-bubble-induced pressure rather than thermal mismatch 
stress-induced delamination, then ion-cut-synthesis would be possible by the 
mechanism shown in Fig. 5.1.  In this case, a nitrogen-implanted GaAs substrate 
is bonded to a receiver substrate using a spin-on glass (SOG) intermediate layer 
(Fig. 5.1(a)).  A subsequent rapid-thermal-annealing (RTA) step would lead to 
both the precipitation of nanocrystals as well as the nitrogen-gas-pressure-
induced splitting of the nanocomposite layer, as shown schematically in Fig. 
5.1(b).   
 
5.3 Experimental Procedures 
 
This section describes the experimental procedures used to fabricate and 
characterize GaAs:N layers transferred by ion-cut-synthesis.  First, the glass-
mediated bonding procedures and thermal annealing steps for ion-cut-synthesis 
are outlined.  This is followed by a description of the blade test technique used to 
estimate the interfacial toughness of these bonding layers.  Finally, the electron 
and scanning probe microscopy techniques used to characterize the transferred 
GaAs:N layers are presented.  
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In all cases, N+ implantation procedures were carried out as described in 
Section 2.2, with a substrate implantation temperature of -196 ºC unless 
otherwise noted.  For layer transfer, the ~600 µm thick GaAs:N samples were 
bonded to ~100 µm thick Al2O3 or AlN substrates (both polycrystalline) with a 
commercial methylsilsesquioxane (MSSQ) SOG (Filmtronics 550F or FG65) or a 
MTMS-BTSE (methyltrimethoxysilane - 1,2-bis(triethoxysilyl)ethane) spin-on 
glass prepared at NIST,30 as described in Section 2.6.  In all cases, ~1 mL of 
SOG was deposited on the surface of the ceramic substrate using a syringe; in 
the case of the MTMS-BTSE SOG, a Teflon syringe filter (0.45 µm pore size) 
was used during deposition.  Following deposition, the SOG films were 
planarized by high-speed rotation (~1000 rpm) in a Laurell 4NPP-Lite spin coater.  
Film thicknesses were varied by changing the rotational speed for planarization.  
In the case of the MSSQ films discussed in this chapter (FG65), the “thick” ~1000 
nm film was achieved by spin-coating the FG65 solution at 3500 rpm for 30 
seconds.  To achieve the “thin” ~200 nm film, the FG65 solution was diluted by 
25% with ethyl acetate and spun at 3000 rpm for 20 seconds.  200 nm thick 
MTMS-BTSE films were achieved by spin-coating at 1200 rpm for 15 seconds.   
Prior to bonding, both the Al2O3 and AlN ceramic substrates were polished 
to a mirror-like finish using SiC polishing papers, as described in Section 2.7.    
All sample surfaces were cleaned with a sequence of deionized water, acetone, 
and methanol, followed by a final deionized water rinse.   Subsequent bonding 
steps were performed at room temperature, followed by RTA in N2 gas for 30 sec 
at either 800 °C or 900 °C to induce ion-cut-synthesis.  The general bonding 
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procedure is outlined in Section 2.6, and details for each experiment are provided 
in Appendix B. 
To quantify the interfacial toughness of the glass-bonded interfaces, blade 
test experiments were performed.  Toughness is a measure of the energy 
required to fracture a unit area of interface (in Jm-2).  Typically, quantitative 
measurements of interfacial toughness involve an analysis of the critical values 
of the crack-tip moment, axial load, and/or transverse shear load required to 
propagate an interface crack.  Due to issues such as crack-tip blunting, 
techniques which rely upon controlled crack-opening displacement and arrest, 
such as the blade test, are often preferable to those which determine critical 
loads for crack initiation.31,32  For example, in the blade test, shown in Fig. 5.2(a), 
a blade (or wedge) of known thickness is inserted into the interface, which is 
clamped shut.  Once the wedge is stationary, such that there are no applied 
torques, the clamping pressure across the interface is released.  As shown in 
Figs. 5.2(b) and (c), the interface crack will advance and consequently come to 
rest at some distance ahead of the wedge.  A measure of the final crack length 
then allows the toughness of the interface to be computed.  If the crack length is 
more than about ten times the thickness of the wafer, which is typically true in our 
case, the transverse shear load contribution can be neglected.  In the absence of 
any other loading effects, such as thermal expansion and/or curvature mismatch, 
the toughness of the interface, Γ, is related to the arrested crack length, a, 
thickness of the wedge, w, and the thicknesses, h1 and h2, and moduli, E1 and E2
, 
of the two wafers:33 
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3)]       (5.1) 
As with most techniques to measure interfacial toughness, the blade test 
relies upon accurate determination of the crack tip position.  A special 
microscope system with an infrared (IR) sensitive CCD camera was set up for 
this purpose, as shown in Fig. 5.3. Since GaAs (and Si) are transparent to 
infrared radiation, the bonded interface and crack tip position were thus easily 
monitored.   
To examine the morphology of transferred GaAs films on the ceramic 
substrates, we utilized low-vacuum-mode scanning electron microscopy (SEM) 
as well as atomic force microscopy (AFM), described in Sections 2.3.1 and 2.4, 
respectively.  The structures of the transferred films were examined by 
transmission electron microscopy (TEM), using a JEOL 3011 HRTEM operating 
at 300 kV.  Due to the localized nature of the transfer, as well as the multilayered 
structure of the transferred films, a focused ion beam (FIB) lift-out technique was 
utilized to fabricate cross-sectional TEM specimens, as described in detail in 
Appendix C.  In each case, a section of transferred layer ~2 x 15 µm in area was 
selected for lift out, and Pt layers were deposited on this area to protect the near-
surface nanostructured layers from normal-incidence ion-beam damage.  A ~200 
nm thick Pt layer was deposited first by electron-beam-assisted deposition (at a 
voltage and current of 5 kV and 1.6 nA), followed by a ~1000 nm thick Pt layer 
deposited by ion-beam-assisted deposition at 10 kV and 0.12 - 0.21 nA.  The 
surrounding area was subsequently Ga+ ion milled at 30 kV, 5.0 nA, followed by 
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a Ga+ ion “polishing” step at 20 kV, 0.38 nA.  Final Ga+ ion polishing of the area 
to be examined by TEM was performed at 10 kV, 23 - 50 pA. 
 
5.4 Bonding and Alternative Substrates 
 
 In this section, we describe our work identifying suitable alternative 
substrates and bonding layers to achieve ion-cut-synthesis.  In particular, the 
substrate selection process and mechanics analysis used to realize simultaneous 
nanostructuring and layer transfer is described.   
Spin-on glass (SOG) has emerged as a versatile bonding agent due to its 
variable thickness, mechanical properties, and thermal properties.  Compared 
with other glass-layer deposition methods, including chemical vapor deposition34 
and e-beam evaporation,35 the SOG processing steps are relatively simple, 
consisting of material deposition (e.g., via an eye dropper), spin-coating, and low-
temperature curing.  Examples of SOG-bonded structures include GaInAs-based 
vertical-cavity surface-emitting lasers (VCSEL) on silicon substrates36 and layer 
transfer of GaAs to Si by ion-cut,15,37 for which processing temperatures are 
relatively low (< 400 °C).  However, ion-cut-synthesis requires RTA at > 750 °C.  
Therefore, alternative bonding layers and substrates need to be identified.   
In Sections 5.4.1 and 5.4.2, we will describe the selection processes for 
SOG bonding layers and substrates suitable for high-temperature, SOG-
mediated wafer bonding.  First, in Section 5.4.1, the bonding problem is analyzed 
for the initial bonding step of the implanted GaAs wafer to a receiver substrate, 
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neglecting the thickness of the SOG layer.  Next, in Section 5.4.2, the bonding 
problem is analyzed immediately following the high-temperature annealing step, 
in which case, much of the original substrate has been removed such that the 
SOG layer thickness is on the order of the transferred GaAs:N film thickness.  
We show that the thickness and thermal expansion coefficient of the SOG has a 
significant impact on the morphology of the transferred, nanostructured film. 
 
5.4.1 Materials Selection: Substrates for Layer Transfer 
 
For ion-cut-synthesis, several possible semiconductor and ceramic receiver 
substrates were considered.  In this section, we will discuss the materials 
selection process first in terms of thermal expansion coefficient (TEC) matching 
and its impact on the driving force for delamination.  Finally, within the subset of 
the materials identified for optimum TEC-matching, these candidate materials are 
also discussed in terms of their thermal conductivity, which should be maximized 
for applications in which thermal management issues are critical. 
For applications requiring high temperature processing such as ion-cut-
synthesis, the integration of GaAs with alternative substrates is limited by the 
differences in TEC with respect to GaAs, leading to thermal-mismatch-induced 
stresses at high temperatures.  The temperature-dependence of the TEC for 
various semiconductor and ceramic materials in the temperature range of 25 to 
750 ºC is presented in Fig. 5.4(a).38-45  In this temperature range, the TECs of 
polycrystalline Al2O3 and spinel are most closely matched to those of GaAs.   All 
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of the others, including single-crystal Si and SiC, and polycrystalline AlN and 
Si3N4, possess TECs much lower than those of GaAs. 
To identify the most promising candidates for receiver substrates, the driving 
force for delamination of GaAs/receiver substrate pairs was calculated and 
compared with the estimated toughness of glass bonding layers.  This driving 
force for delamination, or energy release rate, G, is shown in Fig. 5.5 for several 
materials combinations.  When the mismatch in TEC is minimized, G is 
minimized.  For this calculation, the bonding layer is neglected, as the SOG 
thickness (O(100 nm)) is much less than those of the substrates (O(100 µm)).  
Thus, the bonding layer is only included in the model in terms of its interfacial 
toughness.  In this case, the “bonding temperature” is defined as the temperature 
at which the strain due to thermal expansion mismatch between the substrates is 
zero. In the calculation, we assume substrate thicknesses of 300 µm.  In addition, 
both the elastic moduli and differences in thermal expansion coefficient with 
respect to GaAs (TECGaAs – TECCeramic) were approximated by an average over 
the temperature range of 25 °C to 750 °C.62-68  These energy release rate (G) 
values were then compared with the measured toughness (Γ) of the SOG 
bonding agents used, where failure is defined at a critical value of G (Gc = Γ).  
Using a blade test technique, (described in section 5.3) we estimated an 
interfacial toughness value of ~1.2 Jm-2 for the MSSQ SOG, similar to previously 
reported values for GaAs/SOG/Si.46  In comparison, for the MTMS-BTSE 
copolymer SOG, a slightly higher toughness value (~3.5 Jm-2) was estimated by 
Kim et al., from modified-edge-lift-off tests.47   Thus, comparing the predicted 
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energy release rate values in Fig. 5.5 with measured bonding layer toughness, 
polycrystalline Al2O3 was identified as the most promising candidate for the 
receiver substrate, with the lowest overall G.   
In device applications for which thermal management issues are critical, the 
thermal conductivities of the potential alternative substrate materials must be 
considered.  Some candidates were chosen as a subset of the materials with 
similar TECs to GaAs, as shown in Fig. 5.4 (a).  The temperature dependence of 
the thermal conductivity for these semiconductor and ceramic materials are 
presented in Figure 5.4(b).45,48-51  In relative terms, Si has moderate values for 
thermal conductivity: polycrystalline AlN is better and SiC has the highest thermal 
conductivity of all of the materials considered.  In contrast, polycrystalline Al2O3, 
SiN, and MgAl2O4 are relatively poor thermal conductors.  Thus, in terms of 
thermal conductivity, AlN stands out as a promising alternative to Si.  Among the 
ceramics considered, its thermal conductivity is second only to SiC, but has a  
lower price (on the order of the price of Si).52   
 
5.4.2 Materials Selection: Bonding Agent 
  
In this section, our investigation of the effects of the bonding agent 
thickness and TEC on the surface morphology of GaAs:N layers transferred via 
SOG-mediated bonding is presented.  In the calculations of the driving force for 
delamination in Section 5.4.1, we neglected the influence of the SOG due to its 
negligible thickness with respect to the wafers to be bonded, as shown 
schematically in Fig. 5.1(a).  However, as we will show in this section, the surface 
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morphology of the transferred GaAs:N layer is critically dependent on the 
thickness and the TEC of the SOG bonding layer.  Indeed, immediately following 
RTA, much of the original substrate has been removed (via layer splitting) and 
thus, the thicknesses of the SOG and the transferred layers are very similar, as 
shown schematically in Fig. 5.1(b).    
First, we examined the effect of the layer thickness of a commercial 
MSSQ SOG (Filmtronics FG65).53  The ~1000 nm thick films are referred to as 
“thick,” and the ~200 nm thick films referred to as “thin.”  The surface morphology 
of the transferred layer achieved with the thick SOG film is shown in the SEM 
image in Fig. 5.6(a).  The transferred GaAs:N layers contain channel cracks that 
apparently extend into the bonding layer, as suggested by the AFM and 
corresponding line-cut in Fig. 5.6(b).  The rms roughness (Rrms) of the transferred 
layer is 190±30 nm, as determined from areas similar to that shown by the 
dashed-line box in Fig. 5.6(b) (i.e., excluding channel cracks).   
To eliminate this channel-cracking, we consider the predicted driving force 
for cracking in terms of the tensile misfit strain between the bonding layer and 
substrate.  Neglecting the transferred GaAs:N film in the presence of the bonding 
layer, this driving force for crack propagation, G, may be described qualitatively 
by:  
          (5.2)  
where hfilm and Efilm are the film thickness and Young’s modulus, respectively.  


















  TE filmsubstratefilmfilm         (5.3)  
where αsubstrate and αfilm are the TEC of the substrate and film, respectively, and 
ΔT is the change in temperature from the bonding temperature.  
Thus, the driving force, G, in Eq. 5.2 may be minimized by decreasing the 
thickness of the SOG bonding layer (hfilm).  The effect of reducing hfilm is apparent 
in the SEM image of the GaAs:N film transferred with a “thin” SOG layer, as 
shown in Fig. 5.7(a), where channel-cracking is not apparent.  In addition, the 
Rrms of the transferred area, indicated by the dashed-line box in Fig. 5.7(b), is 
60±20 nm, roughly half that of the cracked layer in Fig. 5.6(b).  AFM also reveals 
“hole” defects (highlighted with a dashed circle in Fig. 5.7(b)).  The depths of 
these defects are on the order of the transferred film thickness, and of a similar 
diameter to the circular blisters observed in unbonded layers (see, for example, 
Fig. 3.4).  Thus, it is likely that these defects are due to the formation of blisters in 
localized areas with insufficient bonding. 
To further reduce this thermal-mismatch stress and thus reduce G (as 
shown in Eqs. 5.2 and 5.3), we explored an SOG with a TEC more similar to 
those of the GaAs and ceramic substrates.  For this purpose, we used a MTMS-
BTSE copolymer based SOG, which has been observed to exhibit composition-
dependent TEC.30  In particular, as shown in Fig. 5.8, the TEC of the copolymer 
decreases with increasing BTSE concentration (lower x-axis).  For comparison, 
the TECs of GaAs and Al2O3 are ~6 ºC
-1 and the TEC of AlN is ~4 ºC-1, 
suggesting that a BTSE concentration > 50% is desirable for TEC-matching of 
the SOG film to the GaAs or ceramic substrates.  Due to issues regarding the 
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stability of the MTMS-BTSE copolymer solution with > 50% BTSE, a composition 
of 50% was chosen for this study.   
Using the MTMS-BTSE SOG, we achieved layer transfer of GaAs:N to 
Al2O3 with an improved surface morphology.  As shown in the SEM and AFM 
micrographs in Fig. 5.9(a) and 5.9(b), the surface of the transferred layer appears 
featureless, without the presence of cracking or “hole” defects.  In addition, Rrms 
of the transferred layer has decreased by nearly an order of magnitude from Rrms 
= 190±30 nm for the cracked layer shown in Fig. 5.6(b) to Rrms = 20±5 nm in this 
case.  The 20±5 nm rms roughness is larger than the Rrms of the as-implanted 
GaAs:N layer (~3 nm, as discussed in section 4.4), but it is comparable to the 
~15 nm Rrms value reported for the low-temperature transfer of a crystalline GaAs 
layer to a silicon substrate using plasma-enhanced chemical vapor-deposited 
(PECVD) SiO2 bonding layers.
13   
In all cases, the transferred layers are “patchy,” with isolated areas of 
layer transfer in a fractal-like pattern, as shown in the SEM micrograph in Fig. 
5.10.  The patchiness of the transfer suggests initial crack propagation through 
the bubble layer, followed by crack deflection toward the GaAs/SOG interface.  
Presumably, this crack propagation is governed by the pressurized gas within the 
bubbles as well as stresses caused by the thermal expansion mismatch between 
the GaAs:N and the receiver substrate.  Similar patchy morphologies have been 
observed previously for the transfer of GaAs and complex oxides to Si 
substrates.54   
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As a first step towards minimizing the patchiness of the transferred layer, 
we analyzed the crack behavior in terms of the stress intensity factor, K, which 
describes the driving force for crack propagation in terms of applied loads and 
geometry.  The initial propagation of a crack through the bubble layer and 
subsequent deflection suggests both an “opening mode” (mode I or KI) and 
“shearing mode” (mode II or KII) contribution to the stress intensity factor,
55,56  
where the KII contribution will tend to deflect the crack out of the bubble layer and 
towards the GaAs/SOG interface, as shown in Fig. 5.11.  The role of the KII 
component on the “patchiness” of transfer may also be inferred from the transfer 
of GaAs:N to GaAs substrate, for which the thermal-expansion mismatch (and 
KII) is presumably minimized.  In this case, a relatively large area of transfer is 
apparent, as shown in Fig. 5.12, suggesting a lower tendency for crack deflection 
into the bonding interface.  Since this approach involved minimal TEC mismatch 
between the bonding wafers and the SOG bonding layer, the layer splitting 
process is likely governed by gas bubble-induced pressure rather than thermal-
mismatch stresses.        
 
5.5  Layer transfer of GaAs:N Nanocomposite Layers to Alumina and 
Aluminum Nitride Substrates 
 
In this section, the successful realization of ion-cut-synthesis for the 
integration of GaAs:N nanocomposites with alumina and aluminum nitride 
substrates is discussed, using the optimized MTMS-BTSE SOG bonding 
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approach described in section 5.4.2.  The structures of the transferred GaAs:N 
layers are revealed by TEM.  
 To determine the overall structure of the near-surface layers as well as 
the crystallinity of the transferred GaAs:N layer, bright-field and dark-field TEM 
imaging was performed along with selected area electron diffraction (SAED).  
Figure 5.13(a) shows a bright-field TEM image of GaAs:N layers transferred to 
Al2O3 with a MTMS-BTSE SOG bonding layer.  Several layers are apparent in 
the image, including the SOG bonding layer, the GaAs:N nanocomposite layer, 
and deposited Pt layers.  In Fig. 5.13(b), {111} dark-field imaging of the GaAs:N 
layer reveals nanometer-sized bright features, suggesting the formation of 
nanocrystalline precipitates.  The appearance of nanoscale bright features in the 
Pt layers suggests that they are also nanocrystalline.  SAED from the transferred 
layer was collected with an aperture ~150 nm in diameter.  The resulting SAED 
pattern, shown as an inset in Fig. 5.13(a), consists of spotty rings related to the 
polycrystalline zincblende (ZB) GaAs matrix as well as spotty rings associated 
with {111} and {113} ZB GaN.   
The transfer of a GaAs:N nanocomposite layer to an AlN substrate is 
shown by the bright-field and {111} dark-field TEM images in Figs. 5.14(a) and 
5.14(b), respectively.  In particular, the bright-field image in Fig. 5.14(a) reveals 
abrupt GaAs:N/SOG and SOG/AlN bonded interfaces.  The dark-field image in 
Fig. 5:14(b) shows nanometer-scale bright features associated with nanocrystal 
formation in the transferred layer.  Similar to the case of Al2O3 transfer, the SAED 
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of the nanocomposite layer reveals spotty rings associated with the 
polycrystalline zincblende GaAs matrix, in addition to that of {111} ZB GaN.   
The nanocrystalline nature of the nanocomposite layer is also confirmed 
by high-resolution TEM, as shown in Fig. 5.15(a) and Fig. 5.15(b) for GaAs:N 
layers transferred to Al2O3 and AlN substrates, respectively.  In both cases, 
regions of crystallinity on the order of ~5 nm are apparent within a disordered 
matrix.  Several examples of these nano-crystallites embedded in the disordered 
matrix are circled in the figure. 
Thus, nanostructuring and transfer of GaAs:N layers to Al2O3 and AlN 
substrates was achieved.  As shown in the XTEM micrographs in Figs. 5.13 and 
5.14, the thicknesses of the layers transferred to both Al2O3 and AlN, 
respectively, are approximately 200 nm.  Thus, it is likely that layer transfer has 
occurred by the formation and propagation of cracks along the depth of bubble 




In this chapter, we described the successful demonstration and optimization 
of the ion-cut-synthesis technique.  In particular, nanostructuring and transfer of 
GaAs:N films to Al2O3 and AlN substrates were achieved using a spin-on glass 
bonding agent.  Indeed, the low ion-matrix diffusivity of GaAs:N enabled the 
formation of both nanocrystals and gas bubbles at high temperature.  First, the 
selection processes for SOG bonding layers and substrates suitable for high-
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temperature, SOG-mediated wafer bonding was described.  The bonding 
problem was analyzed for the initial bonding step of the implanted GaAs wafer to 
a receiver substrate, neglecting the thickness of the SOG layer.  Next, the 
bonding problem was analyzed immediately following the high-temperature 
annealing step, in which case much of the original substrate had been removed 
such that the SOG layer thickness was on the order of the transferred GaAs:N 
film thickness.  We showed that the thickness and thermal expansion coefficient 
of the SOG had a significant impact on the morphology of the transferred, 
nanostructured film. 
The optimization of this SOG-assisted bonding process led the transfer of 
GaAs:N films with rms roughness comparable to that reported for low-
temperature transfer of crystalline GaAs layers to Si substrates.  Thus, the 
approaches described in this chapter may be applied generally to problems of 
bonding and layer transfer for high-temperature-stable heterogeneous materials 
integration.  Furthermore, the integration of nanocomposite materials with a 
variety of substrates coupled with the ability to recycle the donor substrate makes 
ion-cut-synthesis attractive for high-efficiency, low-cost electronics, 
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Fig. 5.1 Schematic of the ion-cut-synthesis process.  In (a), an ion-
implanted GaAs substrate is bonded to a new substrate with 
a spin-on glass (SOG) intermediate layer.  In (b), following 
thermal annealing, the GaAs:N nanocomposite layer forms 



































Fig. 5.2 (a) A schematic of the geometry used in the blade test.  In (b) 
and (c), IR microscopy images of SOG-bonded GaAs/GaAs 
pair (b) before and (c) after delamination are shown.  Note 
that the region shown in (c) is well behind the crack front, as 





































Fig. 5.3 Schematic of the IR microscope system.  Infrared radiation 
from a halogen lamp is transmitted through the bonded 




























Fig. 5.4 (a) Thermal expansion coefficient and (b) thermal 
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Fig. 5.5 Calculated values for the energy release rate for bonded 
samples (semiconductor or ceramic/GaAs) as the annealing 
temperature deviates from the bonding temperature, i.e., the 
temperature at which the mismatch strain is zero.   
Si3N4/GaAs    
Si/GaAs 
       SiC/GaAs 
       AlN/GaAs 
       MgAl2O4/GaAs 
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Fig. 5.6 Surface morphology of a GaAs:N layer transferred to an 
alumina substrate using 1 µm “thick” MSSQ SOG.  The SEM 
image of the surface in (a) reveals “mud” cracking.  The 
depth of these cracks, as shown in the AFM of the same 
layer in (b), suggest that the cracks originate in the SOG 
layer.  Thus, the cracking is likely due to tensile stress in the 
SOG layer. 


















































Fig. 5.7 Surface morphology of a GaAs:N layer transferred to an 
alumina substrate using a “thin” MSSQ layer.  In (a), an SEM 
image of the transferred layer.  In (b), AFM of this transferred 
layer reveals „hole‟ defects (highlighted by dashed circles) 
with depths approximately equal to the transferred layer 
thickness, suggesting that localized blister formation occurs 
instead of layer transfer, possibly due to reduced bonding 
quality.   
(a) (b) 
20 µm 













































Fig. 5.8 The variation of measured coefficient of thermal expansion 
(CTE) with composition for a methyltrimethoxysilane - 1,2-
bis(triethoxysilyl)ethane (BTSE-MTMS) co-polymer used as a 
bonding agent.  The CTE decreases with increasing BTSE 
content (lower x-axis).  For comparison, the CTE of GaAs is ~6 
/ ºC); thus, BTSE content > 50% is desirable for CTE-matching 
to GaAs.   Reprinted from: H. W. Ro, K. Char, E.-C. Jeon, H.-J. 
Kim, D. Kwon, H.-J. Lee, J.-K. Lee, H.-W. Rhee, C. L. Soles, 
and  D. Y. Yoon: High-modulus Spin-on Organosilicate 
Glasses for Nanoporous Applications.  Advanced Materials 19, 
p. 706. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. 

































Fig. 5.9 Surface morphology of a GaAs:N layer transferred to an 
alumina substrate using ~200 nm thick thermally-matched 
BTSE layer.  In (a), an SEM image of the transferred layer, 
revealing the apparent elimination of hole defects.  In (b), 
AFM of this transferred layer reveals reduced roughness in 
comparison to the layer transferred with the non-thermally-
matched SOG. 













































Fig. 5.10 SEM image of a GaAs:N layer transferred to an alumina 
substrate, illustrating the “patchy” morphology, with isolated 







































Fig. 5.11 Schematic of the predicted crack trajectory (indicated by the 





































Fig. 5.12 (a) schematic and (b) SEM image (52º tilt) of a GaAs:N layer 
transferred to a GaAs substrate using a BTSE-SOG bonding 




































Fig. 5.13 (a) Bright-field and (b) {111} dark-field XTEM images of a 
GaAs:N layer transferred to an alumina substrate.  A 
selected-area electron diffraction pattern of the GaAs:N layer 
is shown as an inset in (a) and indicates the presence of 









































Fig. 5.14 (a) Bright-field and (b) {111} dark-field XTEM images of a 
GaAs:N layer transferred to an aluminum nitride substrate, A 
selected-area electron diffraction pattern of the GaAs:N layer 
is shown as an inset in (a) and indicates the presence of 






























Fig. 5.15 High-resolution TEM micrographs of a GaAs:N layer  
transferred to (a) Al2O3 and (b) AlN substrates, illustrating the 
polycrystalline nature of the transferred layers.   Several 
crystals with different orientations (suggested by lattice 
fringes) are highlighted with solid circles.  The dashed-line 
circle shows apparent Moiré fringes, possibly due to the 












In this thesis, the blister formation and layer transfer of GaAs:N 
nanocomposite layers produced by N-implantation, wafer bonding, and rapid 
thermal annealing (RTA) of GaAs were investigated.  In addition, we examined 
the electrical and thermal transport properties of GaAs:N nanocomposite layers.  
In Chapter 3, the key role of diffusivity on blister formation in ion-implanted GaAs 
was revealed.  The influence of implantation temperature on blister formation in 
GaAs:N was studied for low (-196 ºC) and high (300 ºC) implantation 
temperatures.  Local crater depths, average damage depth profiles, and retained 
N doses were similar, independent of implantation temperature.  This is in 
contrast to the implantation temperature-dependence of these parameters 
observed in light ion, high-diffusivity systems such as GaAs:H and Si:H.  Thus, 
the low GaAs:N ion-matrix diffusivity, which is independent of the extent of lattice 
damage, leads to implantation temperature-insensitive exfoliation depths and 
damage depth profiles.   
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 In Chapter 4, the influence of post-implantation RTA on the surface 
morphology, electrical properties, and Seebeck coefficient of GaAs:N films was 
examined.  In the temperature regime between 800 and 900 ºC, a transition in 
surface morphology from circular to predominantly elongated features was 
observed, presumably due to two distinct delamination behaviors.  For low-
temperature RTA, circular features were observed, and are presumably 
associated with the formation of subsurface gas bubbles.  For high-temperature 
RTA, elongated features were also apparent.  The elongated features were 
associated with buckling at the interface between the surface polycrystalline and 
nanocomposite layers. 
The influence of implantation and RTA on the free carrier concentration, n, 
and resistivity, ρ, of GaAs:N(Si) and GaAs:N (Te) was also examined.  For GaAs, 
ρ follows a log-log dependence on n, independent of the dopant species and 
RTA conditions, consistent with literature reports.   Following implantation plus 
RTA, decreased n and increased ρ were observed for both dopant types with a 
more significant increase in ρ for the Te-doped GaAs:N layer.  Finally, for the 
implanted plus RTA GaAs:N nanocomposite layers, the measured Seebeck 
coefficient is slightly enhanced in comparison to that of GaAs.    
In Chapter 5, the ion-cut-synthesis technique for nanostructuring and 
transfer of GaAs:N films to Al2O3 and AlN substrates was achieved using a spin-
on glass (SOG) bonding agent.  Indeed, the low ion-matrix diffusivity of GaAs:N 
enabled the formation of both nanocrystals and gas bubbles at high temperature.  
First, the selection processes for SOG bonding layers and substrates suitable for 
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high-temperature, SOG-mediated wafer bonding was described.  The bonding 
problem was analyzed for the initial bonding step of the implanted GaAs wafer to 
a receiver substrate, neglecting the thickness of the SOG layer.  Next, the 
bonding problem was analyzed immediately following the high-temperature 
annealing step, in which case much of the original substrate had been removed 
such that the SOG layer thickness was on the order of the transferred GaAs:N 
film thickness.  We showed that the thickness and thermal expansion coefficient 
(TEC) of the SOG had a significant impact on the morphology of the transferred, 
nanostructured film.  The optimization of this SOG-assisted bonding process led 
the transfer of GaAs:N films with rms roughness comparable to that reported for 
low-temperature transfer of crystalline GaAs layers to Si substrates.1 
 
6.2 Suggestions for Future Work 
 
6.2.1 Thermal Conductivity of GaAs:N Nanocomposite Films 
 
Low-dimensional heterostructures are predicted2,3 to lead to materials with 
enhanced thermoelectric figure-of-merit, ZT, in comparison to that of bulk 
materials.  ZT may be defined as: 
 𝑍𝑇 = 𝑆2𝑇 𝜌𝜅                               (6.1)  
where S is the Seebeck coefficient, ρ is the resistivity, and  is the thermal 
conductivity.  In Chapter 4, room-temperature measurements of the ρ and S of 
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GaAs:N nanocomposite films were described.  However, to fully characterize ZT, 
it is necessary to measure  as well.  In the case of GaAs:N nanocomposite 
layers, it is likely that phonon scattering due to both the disordered matrix as well 
as matrix/particle interfaces will contribute to a  decrease in  in comparison to 
that of the bulk.  For example, the addition of ErAs particles to InGaAs layers has 
been shown to decrease  by at least a factor of 2.4   
   To characterize the room-temperature ZT (Eq. 6.1), thermal conductivity 
measurements of both MBE-grown GaAs films and GaAs:N nanocomposite films 
are suggested. For this purpose, the 3ω technique,5 shown in Fig. 6.1, would be 
used.  For the 3ω technique, a metallic strip with contact pads is deposited on 
the film surface by photolithography or evaporation though a mask.  An AC 
current is applied at the outermost contacts, and the voltage response measured 
at the inner contacts is attributed to the thermal response.6,7   
 
6.2.2 Alternative Substrates for Ion-cut-synthesis 
 
In Chapter 5, we described the substrate and SOG bonding layer selection 
processes which led to our successful demonstration of ion-cut-synthesis, using 
MTMS-BTSE SOG and Al2O3 and AlN polycrystalline ceramic substrates.  In 
terms of alternative substrate materials, glass is an attractive candidate for ion-
cut-synthesis due to its relatively low cost.8  Glass-substrate materials integration 
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has been demonstrated via ion-cut for the transfer of silicon to crystalline quartz9 
as well as the transfer of InP10 and silicon11,12 to silicate glasses.  These 
materials combinations are of interest for applications requiring an optically 
transparent substrate, such as active displays.   
 
Table 6.1: Compositions and properties of selected glasses for alternative 
substrates for ion-cut-synthesis.  The softening point is the temperature at which 
glass will deform under its own weight.  For comparison, the TEC of GaAs at 
room temperature is ~6.0x10-6 /C. 
















Borosilicate 81 3.5  2.5 13  3.25 821 























3.5   5.15 718 
Fused Silica 99.5       1585 
 
In terms of the high temperatures required for ion-cut-synthesis, glasses are 
promising from the standpoint of their TECs and softening points, as shown in 
Table 6.1.13-15 Many of the glasses have TECs similar to those of GaAs.  In 
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addition, the softening point, the temperature at which the glass will deform under 
its own weight, is similar to the annealing temperature (800C) needed for the 
combined formation of nanocrystals and bubbles.   Since the ion-cut-synthesis 
annealing time is very brief (~30 seconds), those glasses with softening points 
within 100C of the typical annealing temperature are likely to exhibit minimal 
deformation.   
In all cases, the glass composition must be considered, due to the possibility 
of cation diffusion into the nanocomposite layer, which may influence the 
nanocomposite properties, and the performance of fabricated devices.  For 
example, Na contamination is considered to be partly responsible for inferior 
performance of CdTe/CdS solar cells fabricated on soda-lime glass substrates.16 
Therefore, considering the TEC mismatch with respect to GaAs, the softening 
point, and the concentration of Na2O in the glass, alkali borosilicate appears to 
be the most promising candidate for ion-cut-synthesis. Future work should 
include layer transfer experiments for ion-cut-synthesis of GaAs:N 
nanocomposite films to alkali borosilicate glass substrates using a BTSE-MTMS 
SOG film, as described in Section 5.3. 
 
6.2.3 Photoluminescence of Transferred GaAs:N Layers 
 
 The N-incorporation induced bandgap reduction of GaAs is attractive for 
applications including photovoltaics as well as long-wavelength light emitters and 
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detectors.17  In recent years, several groups have explored the optical properties 
of ion-beam synthesized GaAs:N.18-21,25  However, in all cases, the ion-beam-
synthesized films remain on the parent substrate.  For applications in which cost 
reduction or different-functional substrates are desirable, it would be useful to 
characterize the properties of GaAs:N nanocomposite films transferred to other 
substrates by ion-cut-synthesis, as discussed in Chapter 5.  There are few 
reports to date of the optical properties of layers transferred by ion cut.  For 
example, Tajima et al.22 studied the photoluminescence (PL) response of silicon-
on-insulator layers, to confirm the presence of oxygen precipitates.  Zahler et 
al.23 also studied PL emission from solar cell structures grown on Ge layers that 
were transferred to Si by ion cut; however, in this case the transferred Ge layer 
was only a template for subsequent epitaxy and not part of the active device.   
The PL responses of non-transferred GaAs:N layers versus GaAs:N 
layers transferred to an Al2O3 substrate by ion-cut-synthesis are presented in Fig. 
6.2.  In this case, micro-PL was performed in the Sih lab in the Physics 
Department at UM, with the assistance of Tim Saucer.  The excitation source 
was a HeNe laser (632 nm), and the laser spot size on the sample was ~2 µm.  
The PL signals from transferred and non-transferred layers were collected with a 
liquid-nitrogen-cooled CCD array.24  For the non-transferred layers, PL features 
similar to those observed previously by our group are apparent, including the 
~1.5 eV emission associated with the fundamental band gap transition of GaAs, 
as well as a ~1.27 eV emission associated with nitride-rich nanocrystals.25    
However, no PL emission is apparent from the transferred layers.  For future 
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studies of the PL response of transferred layers, studies in which the spot size 
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Fig. 6.1 Schematic of the sample geometry for the “3ω” measurement 
of the thermal properties of a film.  A metallic line with contact 
pads is deposited on the film surface, and an AC current 
input at the outermost pads  (indicated by the solid line) with 
frequency ω.  The metal line acts as a heat source as well as 
a thermometer, due to its temperature-dependent resistivity. 
The voltage response ,which varies as 3ω, is measured at 
the inner contacts (indicated by the dashed line), and can be 
related to the thermal conductivity of the film.   Adapted from 














Fig. 6.2 Photoluminesence spectra from GaAs:N layers still on the 
parent GaAs substrate (“not transferred”) and GaAs:N layers 






























A.1 Retained N Dose Calculation 
 
To estimate the retained N dose, the nuclear reaction analysis (NRA) 
spectra of GaAs:N films were compared with spectra of TiN standards of known 
thickness and composition.  NRA was performed on N-implanted GaAs and TiN 
samples and the integrated counts Y under the alpha-particle peak compared.  
Using the following expression: 
 𝑌 = 𝑁𝑠𝜎 𝜃 𝑄Ω          (A.1) 
where Q is the number of incident particles measured by the charge integrator,  
is the solid angle of the detector, and () is the scattering cross section for a 
given detection angle , the retained fluence of N in GaAs may be correlated to 
the TiN standard according to: 
           𝑁𝐺𝑎𝐴𝑠 :𝑁 = 𝑁𝑇𝑖𝑁
𝑌𝐺𝑎𝐴𝑠 :𝑁𝑄𝑇𝑖𝑁
𝑌𝑇𝑖𝑁 𝑄𝐺𝑎𝐴𝑠 :𝑁
        (A.2) 
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For measurements taken for the same experimental setup, it is assumed that  
and () may be treated as constants.  Furthermore, it is assumed that the TiN 
samples are stoichiometric. The uncertainty in the retained dose calculation is 
estimated from the reported error-bars of the measured cross-section1  at 1.2 
MeV and is ~7%.  
 
A.2 Depth Profiling of RBS Data 
 
To determine the depth profile of lattice damage, channel-to-energy and 
energy-to-depth conversions were performed, as described below.   
 
A.2.1 Channel-to-energy Conversion 
 
A backscattered He++ ion from a target atom will have a characteristic 
energy corresponding to the kinetics of the backscattering event as well as any 
energy lost to collisions as it travels in and out of the target material.  The 
collected signal from a backscattered ion will be converted to an electron-hole 
pair in the detector, and the resulting charge pulse converted to a voltage signal.  
This voltage signal is processed by an amplification system and multichannel 
analyzer which „bins‟ the signals into a raw counts vs. channel spectrum.  To 
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correlate the channel numbers to backscattered energy values, a backscattering 
spectrum is recorded from a Au film and a Si substrate.  The high-energy edges 
of these signals, corresponding to backscattering from surface layers, are used 
to fit a linear channel-to-energy profile.   
 
A.2.2 Energy-to-depth Conversion 
 
 The energy E(x) of backscattered He++ particle after traversing some 
depth x in a material is given by the following equation:   





 𝐸 𝑥′ , 𝑥′ 𝑑𝑥′          (A.3) 
where the integral term describes the energy- and depth-dependent stopping 





= −𝜖(𝐸)          (A.4) 
where ϵ(E) is the energy-dependent stopping cross-section.  To relate the 
measured spectrum to a depth profile for N-implanted GaAs, SIMNRA2 software 
was used to simulate the backscattered energy, based on stopping cross-section 
data from Ziegler.3  For this analysis, it is assumed that the channeling stopping 
power is the same as the random stopping power (i.e, the “Aarhus convention”).4  
Assuming a constant density of the GaAs matrix equal to that of stoichiometric 
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GaAs,5 the simulated He++ backscattered energy from GaAs can be fit to a linear 
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Fig. A.1 Backscattered He++ energy with depth in GaAs as given by 
SIMNRA simulations, used to relate experimental 














 This appendix describes the wafer bonding experiments used for bonding 
GaAs or N-implanted GaAs with alternative substrates.  First, efforts at high-
temperature stable bonding of GaAs and Si are described in Table B.1.  Next, 
experiments for bonding GaAs to glass, alumina, or aluminum nitride are listed in 
Table B.2.  Finally, all attempts at ion-cut-synthesis by bonding N-implanted 
GaAs to any of these substrates are detailed in Table B.3.  In all cases, either a 
spin-on glass (SOG) or a combination of spin-on glass and plasma-enhanced 
chemical vapor deposited (PECVD) silica were used as a bonding agent, as 
detailed below. Often the semiconductor or ceramic substrates were 
mechanically thinned by polishing; the final thicknesses of the wafers as 
measured by a micrometer are listed in each case.  In some cases, blade test 
experiments were performed to measure interfacial toughness as listed in notes 






Table B.1: Summary of wafer bonding experiments for GaAs/SOG/Si integration.  
In all cases, the silicon wafers were cleaned using a standard RCA procedure.1  
GaAs wafers were cleaned with a sequence of deionized water, methanol, 
acetone, isopropanol, ammonium hydroxide and hydrochloric acid, except where 
noted.  Samples were bonded at room temperature using pressure applied by 
tweezers unless otherwise noted.   Many of these experiments were performed 






































No   
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Yes Bonding pressure 
applied by two 1x1x5 










350ºC Yes Bonding pressure 
applied by two Cu 








425ºC No  Bonding pressure 
applied by two Cu 








385ºC No  Bonding pressure 
applied by two Cu 




~500 625  MSSQ 
550F 
No  300ºC Yes As of this trial: adding 
H2O2 to NH4OH:H2O 























~500 625  MSSQ 
550F 
No 350ºC No Noticed filmy 
appearance of GaAs. 
Bonding pressure 
applied by two Cu 








No 350ºC Yes Noticed filmy 
appearance of GaAs 





~500 ~360  MSSQ 
550F 




appearance of GaAs 
again.   
11 
 
~355  ~270  MSSQ 
550F 
No 425ºC No Noticed filmy 
appearance of GaAs 
again.   
12 
 
~290 ~285  MSSQ 
550F 
No N/A N/A  
13 
 
~245  ~300  MSSQ 
550F 




~245  ~245  MSSQ 
550F 




~245 ~250 MSSQ 
550F 
No 425ºC No  As of this 
experiment, changed 
GaAs cleaning 
procedure to that 
described in Ref. 2 
16  ~170 ~150 MSSQ 
550F 
No 425ºC No   
17  
 
~150  ~150 MSSQ 
550F 
No 425ºC No   
18  ~175 ~175 MSSQ 
550F 
No 385 ºC Yes 
 
 
     No 405 ºC Debond
ed later 
further anneal of the 
bonded sample  
19  
 
~150 ~190 MSSQ 
550F 
No 385 ºC Yes  
20 
 
~150 ~180 MSSQ 
550F 































No 385 ºC Yes After wafer clean: 
deposit 80 nm 
PECVD SiO2, 
anneal, apply SOG 



























No 850 ºC No  Annealed samples 
before and after 










No 850 ºC Yes Annealed samples 
before and after 
stacking.  A white 









No 850 ºC No  Same procedure as 
exps. 24 and 25.  A 
white film appeared 
on the GaAs as 









-No 350 ºC Yes  





No 350 ºC Yes Blade test 
inconclusive 













No 350 ºC Yes Blade test: 
inconclusive: 
fractured through 








No 350 ºC Yes Blade test: 
inconclusive: 
fractured through 




























No 350 ºC Yes Blade test: ~1.4 Jm-2 
47 
 
~160 ~180 FOX-12 
HSQ  




~170 ~200 FG65 
MSSQ  
No 385 ºC Yes  




No   
49 
 
~170 ~200 FG65 
MSSQ 




Table B.2: Summary of wafer bonding experiments for GaAs/SOG/Al2O3, 
GaAs/SOG/AlN, or GaAs/SOG/glass integration.  From this point on, no prior 
bake step was performed for the SOG layers.  The ceramic and GaAs substrates 
were cleaned with a sequence of deionized water, acetone, and methanol, as 
described in Ref. 2, unless otherwise noted.  Samples were bonded at room 








SOG  Max. 






~290 MSSQ 350 ºC Yes Blade test inconclusive: 










~190 MSSQ 425ºC Yes Blade test inconclusive: 
cannot discern crack 
length, checked sample 
afterwards: debonded 













SOG  Max. 






~190 MSSQ 425 ºC Yes Blade test inconclusive: 
fractured through 





~220 MSSQ 425 ºC Yes Blade test: crack appears 





~240 MSSQ 425 ºC Yes Blade test: entire sample 
delaminated.  Estimate 
upper bound on toughness 





~210 MSSQ 300 ºC Yes Blade test: Estimated 
toughness at ~6 Jm-2?  
41 Al2O3 
~100 

















MSSQ 425 ºC Yes  










MSSQ  800 ºC, 
RTA 





































Table B.3: N-implanted GaAs (GaAs:N) bonding experiments for ion-cut-
synthesis.  All GaAs:N samples were fabricated from epitaxial GaAs samples 
grown in the Goldman Group Varian Gen II MBE system.  The MBE sample 
number and doping type is indicated where applicable.  The implantation 
conditions were N+ at an energy of 100 keV and targeted fluence of 5x1017 cm-2 
unless noted otherwise.  Samples were bonded at room temperature using 























300ºC 850 ºC Bonded Initially, rapid 
thermal anneal 
(30s), later 8 hrs; 
no layer splitting 
observed. SEM 










300ºC 850 ºC Bonded RTA (30s); no layer 
splitting observed. 
Longer anneal (8h): 
still no splitting 











300ºC 900 ºC Bonded, 
no 
splitting 
RTA(30s).  Sample 
broke during dicing: 
imaged implanted 









300ºC 900 ºC No 
bonding 
RTA(30s): SOG 
appears to coat 



































































































































































Little layer transfer 
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2nd attempt with 
30% BTSE formula: 
same spin speed, 
shorter time 






























































































This was run 1st in 




have been off 








































Tried bonding w/o 
spin; just applied 





















Did not bond at RT 
on first try  



















Did not bond at RT 
on first try  


































Before RTA: low-T 
cure ~100C for 
20min; did not 
bond.  Further cure 
for ~2h, still no 
bonding 
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Focused-ion-beam (FIB) Lift-out 
 
 FIB lift-out is a TEM sample preparation method suited to samples for 
which only a small area is of interest that may not be accessible by conventional 
mechanical-grinding methods, such as locally-patterned surfaces.  For layer 
transfer samples, FIB lift-out is performed to target only the areas of layer 
transfer.  All lift-out samples were prepared with a FEI Quanta 200 3D, outfitted 
with electron-beam and Ga+ ion-beam columns, a micro-manipulator needle 
(Autoprobe1  v. 100.5), and a chemical-vapor-deposited2  (CVD) Pt deposition 
system.  These components are shown schematically in Fig. C.1, along with a 
typical lift-out sample consisting of GaAs:N layers transferred to a ceramic 
substrate with a spin-on glass (SOG) bonding layer.       
In all cases, TEM specimens were created by lifting out a rectangular 
section (shown by the dashed line in Fig. C.1) normal to the sample surface, and 
extending into the SOG bonding layer and ceramic substrate, in order to view all 
layers in cross-sectional TEM.  To minimize surface charging in high-vacuum 
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SEM due to the insulating SOG and ceramic layers, samples were sputter-coated 
with a ~50 Å layer of AuPd or C.  In the area to be lifted-out, typically ~2x15 µm, 
the sample is coated with two layers of Pt which act as protective layers during 
subsequent FIB-processing. An example of the deposited Pt layer is shown in the 
SEM image of Fig. C.2(a).  First, ~200 nm of electron-beam-assisted CVD Pt is 
deposited (at a voltage and current of 5 kV and 0.16 nA), followed by ~2 µm of 
ion-beam-assisted CVD Pt (at 10 kV and 0.21 nA).   
The lift-out process is outlined in the following SEM images: first, trenches 
are milled around the sample, leaving only a tab of material attached, as shown 
in Fig. C.2(b).  This material removal step is typically performed at 30 kV, 5.0 nA.  
Next, the micro-manipulator needle is welded to the sample surface using ion-
beam-assisted CVD Pt (at 10 kV, 0.21 nA), as shown in Fig. C.2(c).  The last tab 
of material keeping the sample attached is then milled away, and the sample 
lifted out of the trench (Fig. C.2(d)).  The sample is then welded to a post on a Cu 
or Mo grid supplied by Omniprobe1 and specifically designed for liftout samples, 
as shown in Fig. C.2(e).  Next, the micro-manipulator needle is milled off, leaving 
the sample attached to the grid as shown in Fig. C.2(f).   Finally, the sample is 
polished with FIB at normal-incidence, as shown in Fig. C.2(g), to a thickness 
suitable for transmission in XTEM (Fig. C.2(h) and (i).  A typical polishing 
sequence (in terms of FIB voltage and current) consists of a 20 kV, 0.38 nA 
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2 B. Van Leer, L. A. Gianuzzi, and P. Anzalone, in Scanning Microscopy for 





























Fig. C.1  Illustration of the components used for FIB lift-out, including 
electron and focused ion beam columns, a Pt CVD needle, 
and a micro-manipulator needle for handling the lift-out 
specimen.  An area of layer transfer selected from the sample 








































Fig. C.2  (a) – (h): SEM images of the lift-out process for XTEM 
sample preparation of transferred GaAs:N layers.  In (a), Pt is 
deposited on the surface as a protective layer.  The sample 
area is cut out by FIB-milling trenches, in (b), and a 
manipulator needle welded to the sample in (c).  The last tab 
of material is then milled away and the sample is removed 
from the trench (d) and placed on a post grid (shown in (e)).  
After welding the sample to the grid, the needle tip is milled 
away by FIB (f).  The sample is FIB-thinned and polished in a 
~2 µm “viewing window” for TEM using FIB, as shown in 
normal incidence in (g) and in cross-section in (h).  The same 
sample is shown in an XTEM image in (i), exhibiting sufficient 
electron transmission for TEM studies. 
 
(a) (b) (c) 
(d) (e) (f) 
(g) (h) (i) 
10 µm 10 µm 10 µm 
10 µm 500 µm 10 µm 

































D.1 Materials Parameters 
  
 This appendix lists the materials parameters used in this thesis work.  
Various mechanical and physical properties of GaAs, Si, polycrystalline-alumina 
and polycrystalline-aluminum nitride are given in Table D.1.  Table D.2 lists the 
reported thermal expansion coefficients of several semiconductor and ceramic 
substrates as a function of temperature.  Finally Table D.3 summarizes the 





Table D.1: Mechanical and physical properties of the substrate materials used in 
this thesis work.      
 

























































     Table D.2: Reported thermal expansion coefficients (x10-6 K-1) of several 
semiconductor and ceramic substrates as a function of temperature (see 
















20  5.9 2.9 4.03    
30 5.6       
60 5.8     2.69  
100 6    6.3  2.4 
120 6.1       
127   4     
140 6.2       
160 6.3     3.39  
190 6.5   4.03   2.4 
215 6.6       
226   4.4     
250 6.65    6.5   
270      3.74  
275 6.75       
300 6.7 5.9     2.8 
325 6.75  4.7     
350 6.8       
400      3.98  
426   5     
500     7.5  3.6 
526   5.1     
580      4.12  
600  7.2  4.84    




Table D.3: Elastic constants of crystalline and amorphous GaAs (c-GaAs and a-
GaAs, respectively), including experimentally-determined values as well as those 
predicted by molecular dynamics (MD) simulations (see references in the table).  
 
 c11 (GPa) c12 (GPa) c44 (GPa) 
c-GaAs, 
experiment15 
119.0 53.8 59.5 
c-GaAs, 
MD16 
119.0 53.7 65.8 
a-GaAs, 
MD16 
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